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I. INTRODUCTION 
Metallochromic and metallofluorochromic indicators are 
organic compounds which are colored or which fluoresce and 
which react with the ions of certain metallic elements in such 
a way as to change this color or fluorescence. The change In 
fluorescence may or may not be accompanied by a change in 
color. Such indicators are important in chemical analysis 
because the change in color or fluorescence can be brought 
about by exceedingly small amounts of the metal. Thus, the 
metallofluorochromic indicator, Calcein, in a highly alkaline 
solution does not fluoresce at all but becomes highly fluores­
cent when treated with but a few tenths of a microgram, that 
is 10~7 grams, of calcium. Use is made of this in the deter­
mination of calcium in blood, a matter of considerable 
importance in medical practice and a problem in which the 
amount of sample permitted the analyst may be distinctly 
limited. 
It has been the history of metallochromic and metallo­
fluorochromic indicators that they were almost always first 
used to mark the end-point in the titration of a metal with 
ethylenediaminetetraacetic acid (EDTA) and later used for the 
direct spectrophotometric or fluorometric determination of the 
metal. Thus, Calcein was first used as an indicator in 
titration of calcium and only later found use in direct fluo­
rometric determination of calcium. 
2 
Calceln (I), the metallofluorochromlc indicator just 
mentioned, has the structure 
R 
It was first prepared and its use described by Diehl and 
Ellingboe (3)« It found widespread use almost immediately 
as an indicator in the titration of calcium with EDTA and in 
the last few years has been adapted to the direct fluorometric 
determination of calcium in the presence of magnesium. At pH 
12 and above, the indicator itself is not fluorescent and is 
yellow-brown in color; in the presence of calcium, it ex­
hibits a strong yellow-green fluorescence. At values of pH 
between 4 and 10 solutions of Calceln alone, that is, in the 
absence of calcium, exhibit a strong fluorescence, this fluo­
rescence dropping off sharply at pH values above 10. The 
restoration of this fluorescence by calcium at high pH is 
+.CH2C00-
lll'-CHgCOOH 
I 
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called the "indicator reversal" effect and is quite in con­
trast to the action of the ions of copper and other transi­
tion metals which quench the fluorescence. Such quenching is 
the normal effect of metal ions on fluorescent organic mole­
cules which have the property of forming non-dissociated 
compounds with the transition metals. 
Magnesium, the chemistry of which greatly resembles 
calcium, also brings about the indicator reversal effect on 
Calcein but because magnesium forms a soluble but non-disso-
ciated magnesium hydroxide and at high concentrations insol­
uble magnesium hydroxide at high pH, this effect is not 
observed at pH 12 and higher. Advantage is taken of this in 
the titration and in the fluorometric determination of calcium 
in the presence of magnesium. 
The fluorescence of fluorescein, the parent molecule of 
Calcein, is pH dependent, that is, fluorescein is a fluores­
cent acid-base indicator. The introduction into the fluores­
cein molecule of two methyleneiminodiacetic acid groups (each 
a half of the ethylenediaminetetraacetic acid molecule) gives 
to the molecule the property of uniting with metals, that is, 
makes Calcein a fluorochromic indicator. The introduction of 
these methyleneiminodiacetic acid groups is accomplished by 
means of the Mannich reaction, the condensation of fluorescein 
with formaldehyde and iminodiacetic acid. 
Numerous other fluorescent acid-base indicators exist. 
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notably 4-methylumbelliferone, a phenolic coumarin. In I96O, 
D. H. Wilkins (12) reported the synthesis of a methyleneimlno-
diacetic acid derivative of 4-methylumbelliferone. The com­
pound exhibited a brilliant fluorescence which depended on the 
presence or absence of various metals and was given the name 
Calcein Blue, Some advantages are claimed for Calceln Blue 
over Calcein. In alkaline solution the fluorescence is 
excited by light of wavelength 3^5 mu which is closer to the 
principal line of the mercury spectrum than that of Calcein, 
488 mu, and this is important when using fluorometers with 
mercury vapor lamps as light sources, 
Wilkins (13) also prepared another derivative of 4-
methylumbelllferone, this one by the Mannich condensation 
with formaldehyde and sarcosine (N-methylglycine), He named 
this compound Methyl Calceln Blue and used it as an indicator 
in the titration of various metal ions with hydroxyethyl-
ethylenediaminetrlacetic acid (HEDTA), 
Unfortunately, Wilkins did little more with these com­
pounds than to describe methods for their use. He employed 
Calceln Blue in the direct determination of calcium, barium 
and strontium (12) and in the indirect determination of nickel 
and chromium in mixtures without prior separations (12), He 
also developed a method for the determination of aluminum, 
nickel and manganese using HEDTA as the titrating agent and 
Methyl Calcein Blue as the indicator (13). Wilkins' work was 
5 
expanded by Eggers (4) who investigated the absorption and 
fluorescence spectra of Galcein Blue with fifteen metal ions. 
Additional papers have appeared describing methods for the 
determination of metals using Galcein Blue as the indicator 
(5f6). The composition, structure and properties of Galcein 
Blue was the subject of the thesis submitted by the present 
author for the Master of Science degree (8), In that study, 
a satisfactory method for the synthesis of Galcein Blue was 
devised, the compound was obtained in pure form, the composi­
tion established and the structure determined. One methylene-
iminodiacetic acid group had been introduced into the molecule 
and at position eight. 
CH 
•2 
II 
The acid dissociation constants were determined spectrophoto-
metrically and studies were made of the absorption and fluo­
rescence spectra. 
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In the present work a more detailed study has been made 
of Calcein Blue and of five additional compounds similar in 
structure to Calcein Blue. The effect of removing the methyl 
group at position 4 on the umbelliferone molecule has been 
investigated and the effect of a second hydroxy group at 
position 6 was studied. The effect of altering the iminodi­
acetic acid group has also been studied. 
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II. EXPERIMENTAL WORK 
A. Synthesis 
1, Apparatus and reagents 
Measurements of pH were made with a Corning Model 10 pH 
meter equipped with a Beckman No, 40^95 high alkalinity glass 
electrode and a Beckman asbestos fiber type saturated calomel 
electrode. 
Electrophoresis studies were made with a Model R-Series 
D Beckman Paper Electrophoresis Cell (Durrum Type), 
4-Methylumbelliferone was prepared according to the pro­
cedure outlined in Organic Syntheses (7). M.p.: 190-192°, 
reported 186-188°. 
Umbelliferone was prepared according to the procedure 
outlined in Organic Reactions (1), M,p,: 23^-235°» reported 
227-228°, 
Hydroxyhydroquinonetriacetate was prepared according to 
the method outlined in Organic Syntheses (7). M.p,; 100-
102°, reported 96-97°. 
4-Methylesculetin was prepared according to the method 
outlined in Organic Syntheses (7). M,p,; 279-291°, reported 
272-274°, 
Disodium iminodiacetate monohydrate was obtained from 
the Geigy Chemical Company and was not further purified. 
Glycine was obtained from Eastman Organic Chemicals and 
8 
was not further purified. 
Sarcosine was obtained from Itonn Research Laboratories, 
Inc. and was not further purified. 
Formaldehyde solution containing 37 per cent formalde­
hyde was obtained from J. T. Baker Chemical Co. 
All the water used was distilled and deionized by 
passage through Amberlite MB-1 ion-exchange resin. 
Buffers used to standardize the pH meter were Mallinc-
krodt buffers of pH 4, ?, and 10. 
All reagent chemicals were of reagent grade quality. 
2. J'lannich condensation of umbelllferone. formaldehyde and 
iminodiacetic acid 
To 120 ml. of glacial acetic acid at 70^ was added 0.0^5 
mole (6.80 g.) of disodium iminodiacetate monohydrate with 
stirring. To this mixture was added 0.03 mole (4.9 g.) of 
umbelliferone. This was followed by the dropwise addition 
of 0.0^5 mole (4.44 ml.) of 37 per cent formaldehyde. The 
reaction was allowed to proceed at 65° to 70° for eight hours 
with constant stirring. The yellow crystalline material 
•which separated was filtered and washed with deionized water 
and recrystallized by dissolving it in the minimum amount of 
potassium hydroxide. The solution was filtered to remove 
insoluble impurities and the pH of the filtrate was adjusted 
to 3.1 by the dropwise addition of dilute hydrochloric açid 
(one part acid to five parts water). The precipitate was 
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filtered, washed with deionized water and recrystallized two 
more times in the same manner. The product was obtained as 
fine, yellow crystals which did not melt at temperatures below 
300°, Neutralization equivalent found; 309.2. Analysis (by 
Galbraith Laboratories, Inc.); found C 5^*57* H 4.35. N 4.41; 
calculated for 7» molecular weight 307.25, C 54.72, 
H 4.27, N 4,56. 
3. Mannich condensation of 4-methylesculetln, formaldehyde 
and Iminodiacetic acid 
To 120 ml. of glacial acetic acid at 70° was added 0.045 
mole (8,78 g.) of disodium imlnodiacetate monohydrate with 
stirring. To this mixture was added 0.03 mole (5.7° g.) of 
4-methyleseuletin. This was followed by the dropwise addition 
of 0.045 mole (4.44 ml,) of 37 per cent formaldehyde. The 
reaction was allowed to proceed for eight hours with constant 
stirring. The grey crystalline material which separated was 
filtered, washed with deionized water and recrystallized by 
dissolving it in the minimum amount of potassium hydroxide. 
The solution was filtered to remove insoluble impurities and 
the pfi of the filtrate was adjusted to 3*1 by the dropwise 
addition of dilute hydrochloric acid (one part acid to five 
parts water). The precipitate was filtered, washed with 
deionized water, and recrystallized two more times in the same 
manner. The product was obtained as fine grey crystals which 
did not melt at temperatures below 300°, Neutralization 
I 
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equivalent found: 3^9.1. Analysis (by Galbraith Laborator­
ies, Inc.); found G 51.71. H ^.65, N 3.98; calculated for 
molecular weight 346.24, C 52.00, H 4.66, N 4.04, 
4. Mannich condensation of 4~methylumbelliferone, formalde­
hyde and glycine 
To 50 ml. of water was added O.O6 mole (10.57 S » )  of 
4-methylumbelliferone, 0.09 mole (6.75 g.) of glycine and 
0.09 mole (8.88 ml.) of 37 per cent formaldehyde solution. 
The reaction was allowed to proceed at 70° to 75° for eight 
hours with constant stirring. The yellow crystalline mater­
ial which separated was filtered, washed with deionized water 
and acetone and recrystallized by dissolving it in the minimum 
amount of potassium hydroxide. The solution was filtered to 
remove insoluble impurities and the pH of the filtrate was 
adjusted to 4.7 by the dropwise addition of dilute hydro­
chloric acid (one part acid to five parts water). The pre­
cipitate was filtered, washed with deionized water and 
acetone, and recrystallized once more in the same manner. The 
product was slurried twice in acetone and filtered. The 
product was obtained as yellow crystals which did not melt at 
temperatures below 300°. Paper electrophoresis yielded one 
band indicating a pure product. Neutralization equivalent 
found; 264.9. Analysis (by Galbraith Laboratories, Inc.): 
found C 59.10, H 5.04, N 5.44; calculated for CitHitNOf, 
molecular weight 263.1, C 59*30, H 4.98, N 5.32. 
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5. Wannlch condensation of umbelliferone, formaldehyde and 
glycine 
To 150 ml. of water was added O.O6 mole (9.73 S») of 
umbelllferone, 0.09 mole (6,75 S») of glycine and 0.09 mole 
(8.88 ml.) of 37 percent formaldehyde solution. The reaction 
was allowed to proceed at 70° to 75° for eight hours with 
constant stirring. The yellow crystalline material which 
separated was filtered, washed with deionized water and ace­
tone, and recrystallized by dissolving it in the minimum 
amount of potassium hydroxide. The solution was filtered to 
remove insoluble impurities and the pH of the filtrate was 
adjusted to 4,75 by the dropwise addition of dilute hydro­
chloric acid (one part acid to five parts water). The pre­
cipitate was filtered, washed with deionized water and ace­
tone, and recrystallized once more in the same manner. The 
product was then slurried twice in acetone and filtered. The 
product was obtained as yellow crystals which did not melt 
at temperatures below 300°. Paper electrophoresis yielded 
one band indicating a pure product. Neutralization equiva­
lent found; 256.45. Water present (Karl Fischer titration) ; 
7.41 g. Analysis (by Galbraith Laboratories, Inc.); found 
C 55.54, H 4,61, N 5.74; calculated for Mil­
lar weight 258.3, C 55.75, H 4.68, N 5.44. 
12 
6. Mannloh. condensation of ^-methylumbelllferone, formalde­
hyde and sarcosine 
A mixture of 0.12 mole (21.44 g.) of 4-methylumbelll-
ferone, 0.18 mole (16.03 g.) of sarcosine and 0.18 mole 
(17.76 ml.) of 37 per cent formaldehyde solution in 200 ml, 
of water was allowed to react at 90° to 95° until the solu­
tion became clear and a spongy material formed. The reaction 
was allowed to proceed for another half hour. The clear 
yellow liquid was poured off and allowed to stand for 12 
hours. The light yellow material which precipitated was 
filtered, dissolved in potassium hydroxide, and filtered to 
remove insoluble impurities. The pH of the filtrate was 
adjusted to 4.5 by the dropwise addition of dilute hydro­
chloric acid (one part acid to five parts water). The pre­
cipitate was filtered, and washed with deionized water and 
acetone. The product was slurried three times in acetone and 
filtered. The yellow crystals did not melt at temperatures 
below 300°. Neutralization equivalent found; 303.6. 
Analysis (by Galbraith Laboratories, Inc.); found C 55.26, 
H 5.96, N 4.6O; calculated for molecular weight 
304.26, C 55.53, H 5.96, N 4.42. 
B. Neutralization Equivalent 
1. Apparatus and reagents 
Measurements of pH were made with a Corning Model 10 pH 
meter equipped with a Beckman No, 40495 high alkalinity glass 
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electrode and a Beckman asbestos fiber type saturated calomel 
electrode. 
Buffers used to standardize the pH meter were Mallinc-
krodt buffers of pH 4, 7. and 10. 
All the water used was distilled and deionized by 
passage through Amberlite %3-l ion-exchange resin. 
All reagent chemicals were of reagent grade quality. 
2. Potentiometric titration 
The neutralization equivalents of umbelliferone-8-
methyleneiminodiacetic acid, 4-methylesculetlnmethyleneimino-
diacetic acid»^ H2O, 4-methylumbelliferone-8-methylenelycine, 
umbelliferone-8-methyleneglycine "I ÏÏ2O and 4-methylumbellifer-
one-8-methylenesarcosine'l-g- H2O were obtained by adding known 
amounts of the desired compound to 50 ml. of 0.1 M potassium 
chloride and titrating with 0.1 N sodium hydroxide made up in 
0.1.M potassium chloride. The titrations curves obtained are 
shovm in Figures 1, 2, 3» 4, and 5 respectively. 
C. Structure 
1. Apparatus 
Nuclear Magnetic Resonance spectra were obtained with a 
Varian Associates A-60 Nuclear Magnetic Resonance Spectrom­
eter. 
2. Structure 
Nuclear magnetic resonance spectra of umbelliferone-S-
methyleneiminodiacetic acid, 4-methylumbelliferone-8-
methyleneglycine, umbelliferone-8-methyleneglycine°§ H2O 
Figure 1, Titration of umbelliferone-B-methyleneiininodiaoetic acid with 
sodium hydroxide 
Solvent: 0.1 M potassium chloride; sodium hydroxide: 0.0984 N 
in 0.1 M potassium chloride; sample: 0.1320 g. 
10 
9 
8 
7 
6 
5 
4 
3 
SODIUM HYDROXIDE - ml. 
Figure 2. Titration of ^-Eiethylesculetinmethylenciminodiacetic acid«i- HpO 
with sodium hydroxide 
Solvent; 0.1 M potassium chloride; sodium hydroxide: 0.098^ N 
in 0.1 M potassium chloride; sample: 0.1462 g. 
SODIUM HYDROXIDE - ml. 
Figure 3» Titration of 4—methylumbelliferone-8->methyleneglycine with sodium 
hydroxide 
Solvent; 0.1 M potassium chloride; sodium hydroxide; O.IO66 N 
in 0.1 M potassium chloride; sample; 0.1462 g. 
SODIUM HYDROXIDE - ml. 
Figure 4. Titration of umbelliferone~8-methyleneglycine»H2O with sodium 
hydroxide 
Solvent: 0.1 M potassium chloride; sodium hydroxide; O.IO66 N 
in 0.1 M potassium chloride; sample; 0.1407 g. 

Figure 5. Titration of ^-methylumbelliferone-S-iaethylenesarcosine'lf HgO 
with sodium hydroxide. 
Solvent; 0.1 M potassium chloride; sodium hydroxide: 0.1050 N 
in 0.1 M potassium chloride; sample: O.I638 g. 
3 
SODIUM 
M 
I 1 L 
4 5 6 
HYDROXIDE - ml. 
I 
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and il—methylumbelliferone-8-methylenesarcosin»:-• Ig- H2O wer-ii 
obtained in deuterium oxide-potassium carbonate media using 
tetramethylsilane as the standard. 
The nuclear magnetic resonance spectrum of 4-methyl-
esculetinmethyleneiminodiacetic acid was obtained in dimethyl-
sulforide using tetrajnethylsilane as the standard, 
D, Fluorescence Study 
1. Apparatus and reagents 
Fluorescence spectra were obtained using an Aminco-Bowan 
Spectrofluorometer. The slit widths used were in order; ex­
citation monochromator; 1/8, I/I6 and 1/8 in., emission Viono-
chromator; 1/8, I/16, 1/8 and I/I6 in. A 1 cm. quartz cell 
was used. Spectra were recorded on a Moseley XY recorder. 
A G. K. Turner Associates Model 10 fluorometer equipped 
with a flow-through cell was used to monitor fluorometric 
titrations. 
Measurements of pH were made with a Corning Model 10 pH 
meter equipped with a Beckman No, 40^95 high alkalinity glass 
electrode and a Beckman asbestos fiber type saturated calomel 
electrode. 
A Micro Metric Model SB 2 mic.roburet and a Model S$Y 
syringe were used in delivering appropriate volumes of 
reagent stock solutions for fluorometric work. 
Stock solutions of 4-methylumbelliferone, umbelliferone, 
4—methyleseuletin, 4-methylumbelliferone-8-methyleneiminodi-
25 
acetic acid, umbelliferone-8-Eiethyleneiminodiacetic acid, 4-
methylesculetinmethyleneiminodiacetic acid.§ H2O, 4-methyl-
umbelliferone-S-methyleneglycine, umbelliferone-S-methylene-
Slycine»^ H2O and Eiethylumbelliferone-8-methylenesarcosine• 
1-| K2Û were prepared within a few hours of use and were all 
3.11 % 10""3 M. Smll quantities of potassium hydroxide were 
used to facilitate dissolution. 
Stock solutions of calcium chloride dihydrate, cupric 
chloride dihydrate and aluminum chloride were prepared for 
studies of the effect of metal ions on fluorescence and were 
all 3.11 X 10-3 M. 
2. Effect of vH on fluorescence 
The fluorescence excitation and emission spectra of 4-
methylumbelliferone, umbelliferone, 4-methylumbelliferone-8-
methyleneiminodiacetic acid, umbelliferone-8-methyleneiminodi-
acetic acid, ij—methylumbelliferone-8-methyleneglycine, umbel-
liferone-8-methyleneglycine.§ H2O and 4-metylumbelliferone-8-
methylenesarcosine»l^ H2O were obtained at one half pH unit 
intervals ranging from pH 1.5 to pH I3.O. Solutions on 
which the spectra were obtained were prepared by mixing I5 
ul. of the desired indicator stock solution, 0.25 ml. of 
0.01 M EDTA to sequester any metal ions present, 10 ml, of 
buffer solution, and diluting to 25 ml. with 0.1 M potassium 
chloride. The pH of each of the solutions was checked after 
the spectra were obtained. Fluorescence excitation and emis­
sion spectra of 4-methylumbelliferone and umbelliferone at pH 
26 
4 and 10 are shown in Figures 6 and 7. Fluorescence excita­
tion and emission spectra of 4-methylumbelliferone-8-methyl-
eneiminodiacetic acid, umbelliferone-S-methyleneiminodiacetic 
acid, 4-&ethylumbelliferone-8-methyleneglycin.e, umbelliferone^ 
8-methyleneglycine»§ H2O and 4-methylumbelliferone-8-methyl-
enesarcosine»l-| EgO at pK 4 and 9 are shown in Figures 8, 9, 
10, 11 and 12. The relative fluorescence of each of the buf­
fered solutions was plotted against the pH of that solution 
for each compound. The graphs are shovm in Figures 13. 14-, 
15, 16, 17, 18, and 19. 
Fluorescence excitation and emission spectra of 4-
methyleseuletin and ^-methylesculetinmethyleneiminodiacetic 
acid*§ HgO at pH 9 are shovm in Figures 20 and 21. The rela­
tive fluorescence of the compounds at pH values varying from 
pH 2.5 to 11.0 was obtained by titrating solutions containing 
7 ul. of the indicator stock solution and 0.75 ml. of 0.1 M 
EDTA to sequester any metal ions present in 75 ml. of 0.1 M 
potassium chloride with 0.2 M potassium hydroxide. Graphs 
showing the variation in fluorescence with changes in pH are 
shown in Figures 22 and 23. 
3• Effect of copper on fluorescence 
The effect of copper on the fluorescence of ^-methyl-
umbelliferone-8-methyleneiminodiacetic acid, umbelliferone-
8-methyleneiminodiacetic acid, 4-methylumbelliferone-8-
methyleneglycine, umbelliferone-8-methyleneglycine-è H2O and 
4-methylumbelliferone-8-methylenesarcosine»l§ HgO was studied 
Figure 6. Fluorescence spectra of thylumbelliferons at pH 4 and 10 
1. Excitation, fluorescence monochromator set at ^55 mu, pH 4 
2. Fluorescence, excitation monochromator set at 328 mu, pH 4 
3. Excitation, fluorescence monochromator set at 455 mu, pH 10 
4. Fluorescence, excitation monochromator set at 3^5 mu, pH 10 
o 
N 
cr> 
250 300 350 400 4U0 500 
WAVELENGTH- •m fjL 
Figure 7. Fluorescence spectra of uiabelliferone at pH 4 and 10 
1. Excitation, fluorescence monochromator set at 46o eu, pH 4 
2. Fluorescence* excitation monochromator set at 330 mu, pî-I 4 
3. Excitation, fluorescence mono chroma, tor set at 46 0 mu, pH 10 
4. Fluorescence, excitation monochromator set at 370 mu, pH 10 
250 300 350 400 450 500 
Vi/AVELENGTH-m fi 
Figure 8, Fluorescence spectra of ^-methylurabcllifear'one^S-methyl.eneiLiino-
diacetic acid 
1. Excitation, fluorescence mono chroma tor set at 455 mu, pH ^1-
2. Fluorescence, excitation monochroraator set at 330 mu, pH 4 
3. Excitation, fluorescence monochromator set at 455 mu, pH 9 
4. Fluorescence, excitation monochromator set at 3^0 mu, pH 9 
FLUORESCENCE INTENSITY 
Figure 9. Fluorescence spe ctra of uiubeD-liferone-8-riiethyleneiminodiacetic acid 
1. Excitation, fluorescence monochromator set at ^1-55 mu, pH 4 
2. Fluorescence, excitation monochromator set at 328 mu, pH ^ 
3. Excitation, fluorescence monochromator set at hS5 mi, pH 9 
4. Fluorescence, excitation monochromator set at 370 mu, pH 9 
V 
oi 
o 
Figure 10. Fluorescence spectra of ^-raethylumbelliferone^S-methylenco .j 
le Excitation, fluorescence monochromator set at 450 inu, pH 4 
2. Fluorescence, excitation monochromator set at 328 mu, pH 4 
3. Excitation, fluorescence monochromator set at ^50 mu., pH 9 
4. Fluorescence, excitation monochromator set at 3^5 mu, 9 
o 
—T"'-
550 500 600 450 400 350 300 250 
WAVELENGTH -m/J. 
Figure 11. Fluorescence spectra of umbeD.llferone-.8™methylcneglyc:ine• I H2O 
1. Excitations fluorescence monochrornator set at ^-55 , pH 4 
2. Fluorescence, excitation mono chroma tor set at 330 m, pH 'J-
3. Excitation, fluorescence iiionochromator set at ^55 nu, pH 9 
4. Fluorescences excitation monochromator set at 370 iiu, pH 9 
FLUORESCENCE IN 
Figure 12, Fluorescence spectra of ^—methylumbellifei-one-O- methylene" 
sarcoslne»!"! H2O 
1. Excitation, fluorescence monochroicator set at 44'8 EU, pH 4 
2, Fluorescence, excitation monochroiaator set at 328 nu, pH 4 
3c Excitation, fluorescence m.ono chromât or set at 4^1-8 m, pH 9 
4. Fluorescence, excitation monochromâtor set at 360 mu, pH 9 
350 400 
WAVELENGTH 
4 
-F O 
450 500 550 
UXJJL 
Figure 13. Variation in intensity of fluorescence of 4-methylumbelliferone 
with pH at two wavelengths of exciting light 
1. Excitation monochroinator set at 328 mu 
2, Excitation monochromator set at 3^5 mu 
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Figure 14. Variation in intensity of fluorescence of umbelliferone with pH 
at two wavelengths of exciting light 
1. Excitation monochroroator set at 330 mu 
2. Excitation monochromâtor set at 3&5 mu 
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Figure 15o Variation in intensity of fluorescence of 4-methylumbelliferone-
8-methyleneiinlnodiacetic acid, its calcium derivative and its 
copper derivative with pH, 
1. Free indicator - excitation monochromator set at 330 mu 
2. Free indicator - excitation monochromator set at 36O mu 
3. Calcium derivative - excitation monochromator set at 360 mu 
4. Copper derivative - excitation monochromator set at 330 mu 
below pH 6,5 and at j60 mu above pH 6.5 
R E LATIVE F LUORSC ENCE 
O — M OJ 4  ^ Oi O) 
ro 
oi 
"O 
X 
ro 
OJ 
9-f7 
Figure 16. Variation in intensity of fluorescence of umbelliferone-8-
methyleneiminodiacetic acid, its calcium derivative and its 
copper derivative with pH 
1. Free indicator - excitation monochromator set at 328 mu 
2. Free indicator - excitation monochromator set at 370 mu 
3. Calcium derivative - excitation monochromator set at 370 mu 
4. Copper derivative - excitation monochromator set at 328 mu 
below pH 6.5 and at jSo mu above pH 6,5 
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Figure 17. Variation in intensity of fluorescence of 4-methylumbelliferone-G-
methyleneglycine and its copper derivative with pH 
1. Free indicator - excitation monochromator set at 328 mu 
2. Free indicator - excitation monochromator set at 3?0 mu 
3. Calcium derivative - excitation monochromator set at 370 mu 
4. Copper derivative - excitation monochromator set at 328 mu 
below pH 6 and at 370 mu above pH 6 
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Figure 18, Variation in intensity of fluorescence of umbelliferone-8-
methyleneglycine.^ H2O and its copper derivative with pH 
1» Free indicator - excitation monochromator set at 330 mu 
2, Free indicator - excitation monochromator set at 370 mu 
3, Calcium derivative - excitation monochromator set at 370 mu 
4, Copper derivative - excitation monochromator set at 330 mu 
below pH 6 and at 370 mu above pH 6 
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Figure 19. Variation in intensity of fluorescence of ^-methylumbelliferone-8-
methylenesarcosine «il- H2O with pH 
1, Free indicator - excitation monochr-vmator set at 328 mu 
2. Free indicator - excitation monochroïnator set at 3^5 mu 
3, Calcium derivative - excitation monochromator set at 3^5 mu 
4. Copper derivative - excitation monochromator set at 328 mu 
below pH 6 and at 3^5 niu above pH 6 
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Figure 20. Fluorescence spectra of i)—methylesculetin at pH 9 
1, Excitation, fluorescence monochromator set at 46o mu 
2. Fluorescence, excitation monochromator set at 370 mu 
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Figure 21, Fluorescence spectra of ^-methylesculetlnmethylenelmlnodlacetic 
acid*§ H2O at pH 9 
1. Excitation, fluorescence monochromâtor set at ^59 mu 
2. Fluorescence, excitation monochromator set at 369 mu 
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Figure 22. Variation in intensity of fluorescence of 4-methylesculetin and 
its copper derivative with pH 
1, Free indicator - excitation monochromâtor set at 370 mu 
2. Copper derivative - excitation monochromator set at 370 mu 
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Figure 23.  Variation in intensity of fluorescence of 4-methylesculetinmethylene-
iminodiacetic acid-è H2O and its copper derivative with pH 
1. Free indicator - excitation monochrbmator set at 370 mu 
2, Copper derivative - excitation monochromator set at 370 mu 
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by measuring the relative fluorescence of solutions whose pH 
values varied from 3-5 to 10.5^ These solutions were pre­
pared by mixing 15 ul. of indicator stock solution, 15 ul. of 
metal ion stock solution, and 10 ml, of buffer solution, and 
diluting to 25 ml. with 0.1 M potassium chloride. The pH of 
each of the solutions was checked after the spectra were 
obtained. The effect of copper on the relative fluorescence 
of the compounds is shown in Figures 15. l6, 17 and 18, 
The effect of copper on the fluorescence of 4-methyl-
esculetin and 4-methylesculetinmethyleneiminodiacetic acid» 
§ H2O was determined by titrating solutions containing ? ul. 
of indicator stock solution and 7 ul. of copper ion stock 
solution in 75 ml. of 0.1 K potassium chloride with 0,2 M 
potassium hydroxide. The titrations were followed fluoro-
metrically. The effect of copper ion on relative fluores­
cence with changes in pH is shown in Figures 22 and 23. 
The combining ratios of 4-methylumbelliferone-8-methyl-
eneiminodiacetic acid, umbelliferone-B-methyleneiminodiacetic 
acid'e H2O, 4-methylumbelliferone-8-methyleneglycine, umbel-
liferone-8-methyleneglyclne*§ H2O and 4-methylumbelliferone-
I 
8-methylenesarco8ine'li H2O with copper were determined by 
titrating solutions containing a known amount of Indicator 
stock solution and 10 ml. of buffer in 75 ml. of 0.1 M 
potassium chloride with copper ion stock solution. The de­
crease in fluorescence with increase in copper ion concen­
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tration was recorded. The variation in relative fluorescence 
with increasing copper ion concentration is shown in Figures 
24, 25, 26, 27, 28, 29 and 30. Combining ratios were deter­
mined at pH values where the fluorescence of the free indica­
tor was most intense. 
4. Effect of calcium on fluorescence 
The effect of calcium on the fluorescence of 4-methyl-
umbelliferone-8-methyleneiminodiacetic acid, umbelliferone-8-
methyleneiminodiacetic acid, 4-methylumbelliferone-8-methyl-
eneglycine, 4-methylumbelliferone-8-methyleneglycineH2O 
and 4-methylumbelliferone-8-methylenesarcosine-1^ H2O was 
determined by measuring the relative fluorescence of solu­
tions prepared by mixing 15 ul. of indicator stock solution, 
15 ul. of calcium ion stock solution, and 10 ml. of buffer 
solution, and diluting to 25 ml. with 0,1 M potassium 
chloride. The pH was checked after the spectra were obtained. 
The effect of calcium on the fluorescence of the compounds is 
shown in Figures 15» I6, 1?» 18 and 19. 
The effect of calcium on the fluorescence of 4-methyl-
esculetin and 4-methylesculetinmethyleneimlnodiacetic acid* 
& H2O was determined by measuring the fluorescence of two 
solutions buffered at pH 12.60, one containing free indicator 
and the other containing the indicator and an equimolar 
amount of calcium ion. The data obtained is shown in Table 1. 
Figure 24. Change in fluorescence of 4-methylumbelliferone-S-methyleneimino-
diacetic acid with copper ion concentration at pH 4,5 
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Figure 25. Change in fluorescence of umbelliferone-8-methyleneiminodiacetic 
acid with copper ion concentration at pH ^.5 
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Figure 26, Change in fluorescence of ^-methylumbelliferone-8-methyleneglycine 
with copper ion concentration at pH 8,5 
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Figure 2?» Change in fluorescence of umbelllferone-S-methyleneglyclne.iHgO 
with copper ion concentration at pH 8.5 
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Figure 28. Change in fluorescence of A—methylumbelliferone-8-methylene-
sarcosine*l§ H2O with copper ion concentration at pH 8,5 
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Figure 29» Change in fluorescence at ^-methylesculetin with copper ion 
concentration with copper ion concentration at pH 9.1 
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Figure 30. Change in fluorescence of ^-methylesculetinmethyleneiminodlacetic 
acld'g H2O with copper ion concentration at pH 9*1 
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Table 1. The effect of calcium on the fluorescence of 4-
methylesculetin and 4-methylesculetinmethylene-
iminodiacetic acid»-| H2O at pH 12,60 
Compound Fluorescence of Fluorescence of 
2,5 ul. of 2,5 ul. of compound 
compound + 2,5 ul. of 
calcium 
^-Methylesculetin 0.90 1.75 
4-Methyleseuletin-
methyleneiminodi- 1,00 I.60 
acetic acid»^ H2O 
A study of the stability of the calcium derivative of 
^-methylumbelliferone-8-methyleneiminodiacetic acid was 
carried out by observing the change in fluorescence with time 
at pH 12.8, 12,9 and I3. The solutions on which these studies 
were made contained 65 ul. of 4-methylumbelllferone-8-methyl-
eneiminodiacetic acid stock solution, 65 ul, of calcium ion 
stock solution and 10 ml, of buffer solution in 100 ml. of 
0.1 M potassium chloride. The relationship between fluores­
cence and time is shown in Figure 31. 
The stability of the calcium compound of umbelliferone-
8-methyleneiminodlacetic acid at pH 12.80 was also studied. 
The solution on which this study was made contained 65 ul. of 
umbelliferone-8-methyleneiminodlacetic acid, 65 ul. of calcium 
ion stock solution and 10 ml. of buffer solution in 100 ml. of 
0.1 M potassium chloride. The relationship between fluores­
cence and time is shown in Figure 31. 
Figure 31, Variation in intensity of fluorescence of the calcium derivatives 
of ij—methylumbelliferone-8-methyleneiiiiinodiacetic acid and umbelli-
ferone-8-iiiethyleneiminodiacetic acid with time 
1. Calcium-^~methylumbelliferone-8-methyleneiminodiacetic acid 
at pH 12.8 
2. Calcium-^-methylumbelliferone-8-methyleneiminodia.cetic acid 
at pH 12,9 
3. Calcium-^-methylumbelliferone-8-methyleneiminodiacetic acid 
at pH 13.0 
4. Calcium-umbelliferone-S-methyleneiminodiacetic acid at pH 12.8 
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To determine if 4-methylumbelliferone-8-methyleneimino-
diacetic acid could be used in a direct analytical method for 
calcium, solutions containing an excess of the compound in the 
presence of lesser amounts of calcium at pH 12.8 and 13.1 were 
prepared. The results of the fluorescence vs. time study are 
given in Table 2. 
Table 2. The effect of pH on the stability of the calcium 
compound of ^-methylumbelliferone-8-methylene-
iminodiacetic acid 
pH Compound Calcium Stable 
(ul. ) (ul.) (time) 
12.80 20 7 1 hour 
13.10 20 7 unstable 
The combining ratio of ^-methylumbelliferone-8-methylene-
iminodiacetic acid with calcium was determined at pH 12.80 by 
observing the increase in relative fluorescence with increase 
in calcium ion concentration. The solution on which the 
determination of combining ratios was performed contained 30 
ul. of compound and 10 ml. of buffer solution in 75 ml. of 
0.1 M potassium chloride. Enough 0.1 M EDTA was added to just 
sequester the calcium present in the reagents used. The vari­
ation in relative fluorescence with calcium ion concentration 
is shown in Figure 32. 
Figure 32, Change in fluorescence of ^-methylumbelliferone-S-methylcr.eimlno-
diacetic acid with calcium ion concentration at pH 12.0 
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5. Effect of aluminum on fluorescence 
The effect of aluminum on the fluorescence of 4-methyl-
umbelllferone-8-methyleneiminodiacetlc acid was studied by 
observing the change in fluorescence of a solution containing 
•25 ul. of compound stock solution and 25 ul. of aluminum ion 
stock solution in 75 ml. of 0.1 M potassium chloride as it 
was titrated with 0.2 H potassium hydroxide. The pH range 
studied was 1.5 to 4.0. 
E. Acid Dissociation Constants 
1. Apparatus and reagents 
Absorption spectra were obtained on a Gary Model 15 
recording spectrophotometer. 
All spectrophotometrlc data used in obtaining acid dis­
sociation constants were obtained using a Beckman DU spectro­
photometer. 
A Micro Metric Model SB2 microburet and a Model S5Y 
syringe were used in delivering appropriate volumes for use 
in spectrophotometrlc work. 
The buffers used in the determination of absorption 
spectra and in the determination of acid dissociation constants 
were prepared according to R. Bates (2) and were of constant 
ionic strength. 
Stock solutions of the compounds being studied were of 
the same concentration as those used for the fluorescence work. 
86 
2. Determination of acid dissociation constants using 
solubility data 
The solubility of if-methylumbelliferone-8-methylene-
iminodiacetlc acid, umbelliferone-B-iaethyleneiminodiaoetic 
acid and 4-methylesculetinmethylenelminodiacetic acid*^ H2O 
at pH values before the first end point was determined by 
buffering solutions containing an excess of the compound at 
specific pK values and shaking for twelve hours. Appropriate 
volumes of the filtrates containing 4-methylumbelliferone-8-
methyleneiminodiacetic acid and umbelliferone-8-methylene-
iminodiacetic acid were adjusted to pH 10 and diluted to 25 
ml. in volumetric flasks with 0.1 M potassium chloride while 
appropriate volumes of the filtrates containing 4-methyles-
culetinmethyleneiminodiacetic acld*§ HgO were adjusted to pH 
4.0 and diluted to 25 ml. in volumetric flasks with 0.1 M 
potassium chloride. The amount of compound in each solution 
was determined spectrophotometrically on a Beckman DU spec­
trophotometer at the analytical wavelength for the compound. 
The results are shown in Table 3» Graphs of solubility 
against 1/[|H^], shown in Figure 33, yielded values for the 
intrinsic solubility of each compound. From the values of 
solubility at knovrn pH and from the intrinsic solubility, the 
acid dissociation constant of the carboxyl group was deter­
mined for each compound. 
Figure 33» Change in solubility with pH 
1. ^-Methylumbelliferone-8-methyleneiminodiacetic acid 
2. Umbelliferone-S-Diethyleneiminodiacetic acid 
3. ^-Methylesculetinmethyleneimlnodiacetic acld»è HgO 
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Table 3. Solubility of ^-methylumbelliferone-8-iiiethylene-
iminodiaoetic acid, unibelliferone-8-methyleneimino-
diacetic acid and 4-methylesculetinmethyleneimino-
diacetic acid'i H2O as a function of pH 
Compound pH Solubility 
(mg./lOO ml.) 
4-methylumbelliferone-8- 2.36 1.20 
methyleneiminodiacetic acid 2.80 1.71 
3.39 3.77 
4.45 32.37 
4,65 48.19 
4,74 59.44 
umbelliferone-8-methylene- 3.26 22.66 
iminodiacetic acid 3.84 65.66 
3.96 84.80 
4.06 94.33 
4-methylesculetinmethylene- 3.34 1.58 
iminodiacetic acid 3.76 3.55 
4.06 5.63 
4.41 12,94 
3.  Determination of acid dissociation constants using spec-
trophotoiaetric data 
The absorbance spectra of 4-methyluDibelliferone, umbel-
liferone, umbelliferone-S-methyleneiminodiacetic acid, 4-
methylumbelliferone-8~methyleneglycine, umbelliferone-8-
methyleneglycine*"! H2O and 4-methylumbelliferone-8-.methylene-
sarcosine.1^ H2O were obtained at one half pH unit intervals 
ranging from pH 1,5 to I3.O. Solutions on which the spectra 
were run were prepared by mixing 375 ul. of the indicator 
stock solution, 0.25 ml, of 0,01 M SDTA to sequester any metal 
ions present, and 10 ml. of buffer solution, and diluting to 
25 ml. with 0.1 M potassium chloride. The pH of each of the 
solutions was checked after the spectra were run. Absorption 
spectra of each compound at pH 4 and 9 are shown in Figures 
35. 3o» 37f 38, 39 and 40. The absorbance of each of the 
solutions was plotted against the pH of that solution for each 
compound studied. The graphs are shown in Figures 41, 42, 43, 
44, 45 and 46. 
The acid dissociation constant of the phenolic proton of 
each of the above compounds was determined in the following 
manner. The absorbance of a solution containing the acid 
form of the compound, of another solution containing the 
anion form of the compound and of seven additional solutions 
whose pH Values were numerically equal to the estimated pK^ 
value +0.0, +0.2, +0.4, +0.6, -0.2, -0.4 and -0.6 and thus 
containing both forms of the compound were measured on a 
Beckman DU spectrophotometer. The log-ratio method was then 
applied to determine pK_ values. 
Absorption spectra of 4-methyleseuletin and 4-methyl-
esculetinmethyleneiminodiacetic acid*f HgO at pH 4 and 9 are 
shown in Figures 4? and 48. The absorbance of the compounds 
at pH values ranging from pH 2.5 to 11.0 was obtained by 
titrating solutions containing 1 ml, of the compound and 0,75 
ml. of 0.1 M EDTA in 75 ml, of 0,1 M potassium chloride with 
0.2 M potassium hydroxide. The titrations were followed 
spectrophotometrically using a Beckman DU spectrophotometer 
Figure 34. Change in log [(S/S°) - l] with pH 
^-Methylumbelliferone-S-methyleneiminodiacetic acid 
Umbelliferone-S-methyleneiminodiacetic acld 
.... 4-Methylesculetinmethyleneiminodiacetic acid»# HgO 

Figure 35* Absorption spectra of 4-methylumbelliferone 
1. At pH 4 
2. At pH 9 
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Figure 36. Absorption spectra of umbelliferone 
1. At pH 4 
2. At pH 9 
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Figure 37» Absorption spectra of umbelliferone-8-
methyleneiminodiacetic acid 
1. At pH 4 
2. At pH 9 
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Figure 38. Absorption spectra of ^-methylumbelliferone-8-
methyleneglycine 
1. At pH 4 
2. At pH 9 
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Figure 39. Absorption spectra of umbelliferone-8-
2iethyleneglycine*t '^2^ 
1. At pH 4-
2. At pH 9 
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^igure 40. Absorption spectra of ^-methylumbelliferone-S-
methylenesarcosine»lt H2O 
1. At pH 4 
2. At pH 9 
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Figure Absorbance of ^-methylumbelliferone as a function of pH 
1. Absorbance at 320 rau 
2, Absorbance at 36O mu 

Figure 42. Absorbance of umbelllferone as a function of pH 
1, Absorbance at 325 mu 
2o Absorbance at 365 mu 
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Figure 43. Absorbance of umbelliferone--8- methyleneirainodlacetic aold as a 
function of pH 
1„ Absorbance at 325 mu 
2. Absorbance at 367 mu 
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Figure 44. Absorbance of 4--methylumbelliferone-S-methyleneglycine 
function of pH 
1. Absorbance at 322 mu 
2, Absorbance at 3^5 mu 
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Figure 4^. Absorbance of umbelliferorie-.8-iiicthylGneglycine--I H2O as a function 
• of pH 
1. Absorbance at 322 inu 
2. Absorbance at 369 mu 

Figure 46. Absorbance of 4-iBethylumbelllferone~8-iaethy3.enesarcosine °l| H2O 
as a function of pH 
1, Absorbance at 321 rnu 
2, Absorbance at 36O mu 
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Figure 4?. Absorption spectra of ^-methylesculetln 
1, At pE 4 
2. At pH 9 
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Figure 48. Absorption spectra of iJ-methylesculetinaaethylene-
iHinodiacetic acld»-| H2O 
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equipped with a flow-through cell. Graphs showing the vari­
ation in absorbance with changes in pH are shown in Figures 
49 and 50. The values for pKg^ were determined from these 
graphs. 
4. Determination of acid dissociation constants using 
fluorometric data 
Graphs showing the change in fluorescence with pH for 
4-methyleseuletin and 4-methylesculetinmethyleneiminodiacetic 
acid'g H2Û are shown in Figures 22 and 23. The acid dissocia­
tion constant of the second phenolic proton was determined 
directly from these curves as "being equal to the pH at the 
second inflection point. 
Graphs showing the change in fluorescence with pH of 
4-methylumbelliferone-8-methyleneiminodlacetic acid, umbel-
liferone-8-methyleneiminodiacetic acid, 4-methylumbelliferone-
8-methyleneglycine, umbelliferone-8-methyleneglycineHgO and 
4-methylumbelllferone-8-methylenesarcosine'li HgO are shown in 
Figures 15» I6, 17. 18 and 19. The acid dissociation constant 
of the ammonium group of each of the compounds was determined 
directly from the graphs and is equal to the pH at the second 
inflection point. 
F. Formation Constants with Calcium and Copper 
1. Apparatus and reagents 
Measurements of pH were made with a Corning Model 10 pH 
meter equipped with a Beckman No. 40495 high alkalinity glass 
j 
Figure 49. Absorbance of ^-methylesculetin as a function of pH 
1, Absorbance at 3^0 mu 
2, Absorbance at 3^0 mu 
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Figure 50. Absorbance of ^-methylesculetinmethyleneiminodiacetic acid*-g- H2O 
as a function of pH 
1. Absorbance at 3^2 mu 
2. Absorbance at jSo mu 
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electrode and a Beckman asbestos fiber type saturated calomel 
electrode. 
All reagent chemicals were of reagent grade quality, 
2. Determination of formation constants of calcium compounds 
To determine the formation constants of the calcium com­
pounds of ^-methylumbelliferone-8-methyleneiminodiacetic acid, 
umbelliferone-8-methyleneiminodiacetic acid and 4-methyl-
esculetinmethyleneiminodiacetic acid-i H2O, potentiometric 
titrations of mixtures containing 4.3^3 x 10""^ moles of com­
pound and 0.6384 g. (4.3^3 % 10"3 moles) of calcium chloride 
dihydrate with 0.1185 M sodium hydroxide were made. These 
titration curves are shown in Figures 51» 52 and 53. The 
weight of compound used in each titration is listed in Table 4. 
Table 4. Weight in grams of 4.3^3 x lO"^ moles of 4-methyl-
umbelliferone-8-methyleneimlnodiacetic acid, 
umbelliferone-8-methylenelminodiacetic acid and 
4-methylesculetinmethyleneiminodiacetic acid*-I HgO 
used in potentiometric titrations to determine the 
formation constants of the calcium derivatives 
Compound Weight (g. ) 
4-Methylumbelliferone-8-methyleneiminodiacetic 
acid 0.1400 
Umbelliferone-8-methyleneiminodiacetic acid 0.1334 
4-Methylesculetinmethyleneiminodiacetlc 
acid'f H2O 0.1503 
Figure 51» Titration of ^-methylumbelliferone~8-methyleneiminodiacetic acid in 
the presence of a ten-fold excess of metal ion with sodium hydroxide. 
Solvent: 0.1 M potassium chloride; sodium hydroxide: O.II85 N in 
0.1.M potassium chloride; sample: 0.1400 g 
1. Ten-fold excess of cupric chloride dihydrate: 0.7^03 g. 
2. Ten-fold excess of calcium chloride dihydrate: 0.638^ g. 
n Moles of base added per mole of acid 
n(MOLES OF BASE ADDED PER MOLE OF ACID) 
I 2 3 
I 0 
Q. 
4 5 6 7 8 9 10 II 12 13 14 2 3 0 
SODIUM HYDROXIDE-ml. 
Figure 52. Titration of umbelliferone-8-iiiethyleneiminodiacetic acid in the 
presence of a ten-fold excess of metal ion with sodium hydroxide. 
Solvent; 0.1 M potassium chloride; sodium hydroxide; O.II85 N 
in 0.1 K potassium chloride; sample; 0.1334 g. 
1. Ten-fold excess of cupric chloride dihydrate: 0.7403 g. 
2. Ten-fold excess of calcium chloride dihydrate; O.6384 g. 
n Moles of base added per mole of acid 
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Figure 53» Titration of ^-methylesculetinraethyleneiminodiacetic acid'-| H2O 
in the presence of a ten-fold excess of metal ion with sodium 
hydroxide. Solvent: 0,1 M potassium chloride; sodium hydroxide: 
0.1185 N in 0.1 M potassium chloride; sample: O.I503 g. 
1, Ten-fold excess of cupric chloride dihydrate: 0.7403 g. 
2. Ten-fold excess of calcium chloride dihydrate: 0.6384 g. 
n Moles of base added per mole of acid 
2 3 4 
n ( M O L E S  O F  B A S E  A D D E D  P E R  M O L E  O F  A C I D )  
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3. Determination of formation constants of copper compounds 
To determine the formation constants of the copper com­
pounds of 4-methylumbelliferone-8-methyleneimlnodiacetic acid, 
umbelllferone-8-methyleneimlnodlacetic acid, 4-methylesculetin-
methyleneimlnodiacetic acid'i H2O, 4-methylumbelliferone-8-
methyleneglycine, umbelliferone-8-inethyleneglyclne*|- HgO and 
4-methylumbelliferone-8-methylenesarcosine*l§ H2O potentio-
metric titrations of mixtures containing 4,3^3 x 10"^ moles 
of compound and 0.7^05 g. (4,3^3 x 10~3 moles) of cupric 
chloride dlhydrate with O.II85 M sodium hydroxide were per­
formed. These titration curves are shown in Figures 51» 52, 
53» 54, 55 and 56. The weight of compound used in each 
titration is listed in Table 5* 
Table 5» Weight in grams of k-,3^3 x 10"^ moles of 4-methyl-
umbelliferone-8-methyleneiminodiacetlc acid, umbel-
liferone-8-methyleneimlnodiacetlc acid, 4-methyl-
esculetlnmethylenelminodlaoetio*§ H2O, 4-methyl-
umbelliferone-8-methyleneglycine, umbelliferone-8-
methyleneglycine'i HpO, 4-methylumbelliferone-8-
methylenesarcosine*li H2O used in potentiometric 
titrations to determine the formation constants of 
the copper derivatives 
Compound Weight (g.) 
4-Methylumbelllferone-8-methylenelmlnodlacetic 0 
0
 
0
 
1—1 
acid 
Umbelliferone-8-methyleneimlnodlacetlc acid 0 .1334 
4-Methylesculetinmethylenelminodiacetic 0 .1503 
acid'i H2O 
4-Methylumbelliferone-8-methyleneglycine 
Umbelliferone-S-methyleneglyclne-ï H2O 
0 .1142 
0 .1121 
4-Methylumbelliferone-S-methylenesar- 0 .1321 
cosine'll H2O 
Figure ^4. Titration of ^-methylumbelliferone-8-methyleneglyoine in the 
presence of a ten-fold excess of metal ion with sodium hydroxide. 
Solvent; 0.1 M potassium chloride; sodium hydroxide: O.II85 N 
in 0.1 M potassium chloride; sample: 0.1142 g.; cupric chloride 
dihydrate: 0.7403 g. 
n Moles of base added per mole of acid 
n( MOLES OF BASE ADDED PER MOLE OF ACID) 
Cl 
2 3 4 7 5 6 8 9 
SODIUM HYDROXIDE-ml. 
Figure 55. Titration of umbelliferone-8-methyleneglyclne»§ H2O in the 
presence of a ten-fold excess of metal ion with sodium hydroxide. 
Solvent: 0.1 M potassium chloride; sodium hydroxide: O.II85 N 
in 0.1 M potassium chloride; sample: 0.1121 g.; cupric chloride 
dihydrate: 0.7^03 g. 
n Moles of base added per mole of acid 
n(MOLES OF BASE ADDED PER MOLE OF ACID) 
I ' 2 3 4 5 6 7 8 
SODIUM HYDROXIDE-ml. 
Figure 56. Titration of ^-methylumbelliferone-8-methylenesarcosine*l2 H2O in 
the presence of a ten-fold excess of metal ion with sodium hydroxide. 
Solvent: 0.1 M potassium chloride; sodium hydroxide; O.II85 N in. 
0.1 M potassium chloride; sample: 0.1321 g.; cupric chloride 
dihydrate; 0.7^03 g. 
n Moles of base added per mole of acid 
n (MOLES OF BASE ADDED PER MOLE OF ACID) 
I 2 3 4 5 6 7 8 
SODIUM HYDROXIDE-ml. 
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III. RESULTS AND DISCUSSION 
A. Synthesis 
Conditions under which the Mannich reaction was performed 
depended upon the amino acid being condensed with the hydroxy-
coumarin and formaldehyde. The conditions found best suited 
for the individual syntheses are given in Table 6, 
Table,6. Conditions used in the Mannich condensation of 4— 
methylumbelliferone, umbelliferone, and 4-methyl-
esculetin with formaldehyde and iminodiacetic acid, 
glycine and sarcosine 
Reactants Solvent Temper­
ature 
pH of 
recrystal-
ligation 
medium 
Iminodiacetic acid, 
formaldehyde and 
Umbelliferone 
4-Methylesculetin 
Glycine, formaldehyde 
and 
4-Methylumbelliferone 
Umbelliferone 
Sarcosine, formaldehyde 
and 
glacial acetic 
acid 
glacial acetic 
acid 
water 
water 
4-Methylumbelliferone water 
70-75° 
70-75° 
70-75' 
70-75* 
90-95* 
3.1 
3.1 
4.7 
4.7 
4,5 
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B. Neutralization Equivalent 
I 
In the potentiometric titration of the Mannich condensa­
tion product of umbelliferone, formaldehyde and iminodiacetic 
acid two end-points were observed (Figure 1). The equivalent 
weight calculated from the volume of alkali used to reach the 
first end-point was 308,4, and the equivalent weight calcu­
lated from the volume of alkali used to reach the second end-
point was 308.2. These values agree well with the molecular 
weight of an umbelliferone molecule bearing one methylene-
iminodiacetic acid group, 307.2^. Assuming the compound to be 
monomolecular, one hydrogen atom is replaced in each step of 
the neutralization. 
The potentiometric titration of the Mannich condensation 
product of 4-methylesculetin, formaldehyde and iminodiacetic 
acid shows two end-points (Figure 2). The first break, how­
ever, occurred before all of the compound had dissolved and 
varied with the rate of addition of titrant. The second break 
corresponds to the neutralization of the second replaceable 
proton and the equivalent weight calculated from the volume of 
alkali used to reach this end-point was 3^9*1• This value 
agrees well with the molecular weight of a 4-methylesculetin 
molecule bearing one methyleneiminodiacetlc acid group and one 
half of a molecule of water, 346.24. 
One end-point was observed in the potentiometric titra­
tions of the products obtained from the Mannich condensations 
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of glycine and formaldehyde with 4-methylumbelliferone and 
with umbelliferone and in the potentiometric titration of the 
product obtained from the Mannich condensation of sarcosine, 
formaldehyde and 4-methylumbelliferone. The equivalent weights 
of the compounds, calculated from the volume of alkali used to 
reach the end-point, are listed in Table 7, 
Table 7. Equivalent weight of the products obtained from the 
Mannich condensation of 4-methylumbelliferone and 
umbelliferone with glycine and formaldehyde and of 
the product obtained from the Mannich condensation 
of 4-methylumbelliferone, sarcosine and formaldehyde 
calculated using the volume of alkali needed to 
reach the end-point 
Compound Equivalent weight 
Found Calculated* 
Condensation product of 
4-Methylumbelliferone, 
formaldehyde and glycine 264. 9 263.1 
Umbelliferone, 
formaldehyde and glycine 256. 5 258.3 
4-Methylumbelliferone, 
formaldehyde and sarcosine 303. 6 304.3 
*One replaceable hydrogen atom. 
The experimental values agree well with the following 
theoretical values: the molecular weight of a 4-methyl-
umbelliferone molecule bearing one methyleneglycine group, 
263.1; the molecular weight of an umbelliferone molecule bear­
ing one methyleneglycine group and one-half of a molecule of 
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water, 258.3; the molecular weight of a 4-methylumbelllferone 
molecule bearing one methylenesarcosine group and one and one-
half molecules of water, 304.3» Elemental analysis confirms 
the values obtained from the potentiometric titration curves. 
C. Structure 
The position at which methyleneiminodiacetic acid enters 
umbelliferone, the position at which methyleneglycine enters 
4-methylumbelliferone and umbelliferone and the position at 
which methylenesarcosine enters 4-methylumbelliferone have 
been determined through interpretation of NMR spectra. The 
peak positions and proton integrations of the NliR spectra are 
listed in Table 8. 
The only two positions at which the methyleneamino acid 
group could enter the parent molecules of 4-methylumbelli-
ferone and umbelliferone are position 6 or position 8. If 
condensation occurred at position 6, the two aromatic protons 
would be para to each other and would exhibit an AB splitting 
constant of approximately 1 cycle per second or less. If, on 
the other hand, condensation occurred at position 8 the aro­
matic protons would be ortho to each other and would exhibit 
an AB splitting constant of approximately 10 cycles per second. 
The splitting constant exhibited by the aromatic protons was 
found to be nine cycles per second for each of the above com­
pounds studied. Therefore, the methyleneamino acid group 
1# 
Table 8, The peak positions, the proton integrations and 
the group bearing the proton obtained from the NMR 
spectra of umbelliferone-8-methyleneiminodiacetic 
acid, ^ -methylumbelliferone-8-methyleneglycine, 
umbelliferone-8-methyleneglycine.f H2O and 4-
methyluinbelliferone-8-iiiethylenesarcosine*1^ H2O 
Compound 
Peak 
position 
(ppm) 
Proton 
intégra- Group bearing protons 
tion 
4 -N-CH2-COO-
2 -N-GH2-Ar 
1 olefinic proton 
1 aromatic proton 
1 aromatic proton 
1 olefinic proton 
3 Ar-CHi 
2 -N-CH2-COO-
2 -N-CH2-Ar 
1 olefinic proton 
1 aromatic proton 
1 aromatic proton 
2 -N-CH2-COO" 
2 -N-CH2-Ar 
1 ' olefinic proton 
1 aromatic proton 
1 aromatic proton 
1 olefinic proton 
3 Ar-CHo 
3 -N-CH3 
2 -N-CH2-COO" 
2 -N-CH2-Ar 
1 olefinic proton 
1 aromatic proton 
1 aromatic proton 
Umbelliferone-S-
methyleneimino-
diacetic acid 
4-Methylumbelli-
ferone-8-
methyleneglycine 
Umbelliferone-8-
methyleneglycine > 
i HgO' 
4-Methylumbelli-
ferone-8-
methylenesarcosine< 
li H20 
ui 
2^63 
7.30 
7.70 
2.15 
3.51 
4.07 
5.72 
6,60 
7.20 
3.52 
4.05 
5.82 
6.57 
7.11 
7.53 
2 . 0 8  
2.70 
3.67 
4.15 
5.68 
6.62 
7.16 
145 
enters 4-methylumbelliferone and umbelliferone at position 8, 
The structure of the condensation product of umbelliferone, 
formaldehyde and iminodiacetic acid is 
-R'-CHz-g^CHgCOOH 
The structure of the condensation product of 4-methylumbelli-
ferone, formaldehyde and glycine is 
CHy 
^ "2 
The structure of the condensation product of umbelliferone, 
formaldehyde and glycine is 
— R - - C ° ° 
2 Hg 
The structure of the condensation product of 4-methylumbelli-
ferone, formaldehyde and sarcosine is 
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CH 
HO 
R 
The peak positions and the proton integrations obtained 
from the NMR spectra of the condensation product of 4-methyl-
esculetin, formaldehyde and iminodiacetic acid are 2,32 ppm 
(3). Ar-CHj: 2.72 ppm (4), -N-CH2COO-; 3.01 ppm (2), -N-GH2-
Ar; 6.10 ppm (1), olefinic proton and 7.00 ppm (1), aromatic 
proton. 
The position of attachment of methyleneiminodiacetic 
acid can not be determined from the data and the structure 
of the condensation product of 4-methylesculetin, formalde­
hyde and iminodiacetic acid must be written 
R 
14? 
D. Fluorescence Study 
1. Effect of pH'on fluorescence 
The fluorescence excitation spectra of 4-methylumbelli-
ferone (Figure 6), umbelliferone (Figure 7). ^ -methylumbelli-
ferone-8-methyleneiminodiacetic acid (Figure 8), umbelli-
ferone-8-methyleneiminodiacetic acid (Figure 9)» 4-methyl-
umbelliferone-8-niethyleneglyclne (Figure 10), umbelliferone-
6-methyleneglycine*-| H2O (Figure 11) and 4-methylumbelli-
ferone-8rmethylenesarcosine'l§ H2O (Figure 12) show one band, 
the wavelength of maximum excitation shifting from approxi= 
mately 330 mu in acid solution to approximately 3^0 mu in 
alkaline solution. The fluorescence emission spectra also 
show one band with maximum intensity at a wavelength of 
approximately 455 mu, which does not shift with change in pH, 
The wavelength of maximum fluorescence excitation in acid and 
alkaline solution and the wavelength of maximum fluorescence 
emission of the above compounds are listed in Table 9. 
The intensity of the emitted light varies with pH, the 
intensity of fluorescence at the emission maxima and at the 
excitation maxima in acid and alkaline solutions were meas­
ured (Figures 13, 14, 15, I6, I7, 18 and 19). At approxi­
mately 330 mu a fluorescence plateau is observed in all of 
the compounds studied. This plateau extends over a range of 
approximately 3 pH units, Umbelliferone and 4-methylumbelli-
ferone, the parent molecules of the compounds under study. 
Table 9» Wavelength of maximum fluorescence excitation in acid and alkaline 
solution and wavelength of maximum fluorescence emission of 
4-methylumbelliferone, umbelliferone, 4-methylumbelliferone-8-
methyleneiminodiacetic acid, umbelliferone-8~methyleneiminodi~ 
acetic acid, ^ -methylumbelliferone-8-methyleneglycine, umbelli-
ferone-8-methyleneglycine'i H2O and 4-methylumbelliferone-8-
methylenesarcosine'li- H2O 
Fluorescence excitation maximum Fluorescence 
Compound emission 
Acid solution Alkaline solution maximum 
mu mu ' mu 
4-methylumbelliferone 328 5 365 + 5 455 4- 5 
umbelliferone 330 + 5 370 + 5 46o + 5 
^-methylumbelliferone-8-
methyleneiminodiacetic acid 330 + 5 360 + 5 455 + 5 
umbelliferone-8-methylene-
iminodiacetic acid 328 + 5 370 + 5 455 + 5 
^-methylumbelliferone-8-
methyleneglycine 328 + 5 366 + 5 k50 + 5 
umbellif erone-8-methylene-
glycine-l" H2O 330 + 5 370 + 5 455 + 5 
4-methylumbelliferone-8-
methylenesarcosine'li- H2O 328 + 5 365 + 5 W8 + 5 
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exhibit another plateau at approximately 370 mu, however, 
their amino acid derivatives all exhibit a maximum at approx­
imately 370 mu. In the case of 4-methylumbelliferone-8-
methyleneiminodiacetic acid and umbelliferone-8-methylene-
iminodiacetic the maximum is observed at pH 9.1 while in the 
case of 4-methylumbelliferone-8-methyleneglycine, umbelll-
ferone-8-methyleneglycine'§ H2O and 4-methylumbelliferone-8-
methylenesarcosine'li H2O the maximum is observed at pH 8,5. 
The maxima are attributed to the neutralization of the ammon­
ium ion which is accompanied by a decrease in fluorescence. 
The shift of the fluorescence excitation wavelength is 
attributed to the ionization of the phenolic proton. 
The fluorescence data of 4-methylumbelliferone, umbelli-
ferone and their amino acid derivatives was obtained in 
buffered solutions of constant ionic strength. The presence 
of ortho phenolic groups in 4-methylesculetin and 4-methyl-
esculetinmethyleneiminodiacetic acld«§ H2O gave rise to 
serious buffer effects when boric acid buffers were employed. 
To circumvent the undesirable effects of buffer systems the 
intensity of emitted light versus pH was studied by titrating 
4-methylesculetin and 4-methylesculetlnmethylenelminodiaoetic 
acld'^ K2O with 0.2 M potassium hydroxide and monitoring the 
change in fluorescence with pH on a Turner Model 10 Fluor-
ometer equipped with a flow through cell. 
4-Methylesculetln and 4-methylesculetlnmethyleneimlno-
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diacetlc acid are non-fluorescent in acid solution. The 
fluorescence excitation spectra of 4-methylesculetin (Figure 
20) and 4-methylesculetiniiiethyleneiminodiacetic acid.^ H2O 
(Figure 21) show one band in alakline solution and the 
fluorescence emission spectra also show one band. The wave­
length of maximum fluorescence excitation and fluorescence 
emission of 4-methylesculetin and ^-methylesculetinmethylene-
iminodiacetic acid«§ H2O are listed in Table 10. 
Table 10. Wavelength of maximum fluorescence excitation and 
emission of 4-methylesculetin and 4-methylescu-
letinmethylamineiminodiacetic aoid'i H2O 
Fluorescence maximum 
Compound Excitation Emission 
4-Methylesculetin 370 -4- 5 460 + 5 
4-Methylesculetin-
methyleneiminodiacetic 
acid•I H2O 369 + 5 459 ± 5 
The variation of intensity of emitted light with pH of 
4-methylêsculetin and 4-methylesculetinmethyleneiminodiacetic 
acid'l H2O is shown in Figures 22 and 23. The first inflec­
tion point is caused by the ionization of one phenolic proton 
while the second inflection point is attributed to the 
neutralization of the second phenolic proton. 
2. Effect of copper on fluorescence 
The fluorescence of the amino acid derivatives of 4-
methylumbelliferone and umbelliferone is quenched by copper. 
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This quenching, known as the "normal" indicator effect, 
extends over the pH range 4 to 10.5 for 4-methylumbelli-
ferone-S-niethyleneiminodiacetic acid and umbelliferone-8-
methyleneiminodiacetic acid and over the pH range 7 to 10.5 
for 4-methylumbelliferone-8-methyleneglyoine, umbelliferone-
8-2nethyleneglycine*§ H2O and 4-methylumbelliferone-8-methylene-
sarcosine*11 H2O. 
Turning to the case of the iminodiacetic acid deriva­
tives, at the point where the pH reaches 4, the carboxylic 
proton has been removed and copper can combine with the 
carboxylate group thus quenching fluorescence. At higher pH 
values, the phenol group is neutralized and copper binds to 
the phenolate anion. At still higher pH values the ammonium 
group is neutralized and copper binds to the ammonium anion. 
Further proof that carboxylate, phenolate, and ammonium ions 
are involved in bonding with copper is obtained from a com­
parison of the titration curves of umbelliferone-8-methylene-
iminodiacetic acid in the presence of excess copper (Figure 
52) and of the compound alone (Figure 1). The shapes of the 
curves are markedly different. Copper combines with 4-
methylumbelliferone-8-methyleneiminodiacetic acid and umbelli-
ferone-8-methyleneiminodiacetic acid in a ratio of 1 ligand 
to 1 copper ion. Figures 24 and 25. 
The glycine and sarcosine derivatives of 4-methylumbelli-
ferone and umbelliferone differ from the iminodiacetic acid 
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derivatives by one acetic acid group. This group is replaced 
by a hydrogen atom in the case of glycine and a methyl group 
in the case of sarcosine. Because no groups are present at 
low pH values with which copper can combine, quenching of 
fluorescence is not observed at pH values below pH 7# the 
point at which the phenolic proton has been neutralized. The 
combining ratio of copper with the methyleneglycine and 
methylenesarcosine derivatives of 4-methylumbelliferone and 
umbelliferone is 1 ligand to 1 copper ion (Figures 26, 2? and 
28). The presence of a zwitter ion in these molecules ren­
ders the,phenolic protons stronger acids than the analogous 
protons of the parent molecule. This increase in acid 
strength enables combination with copper to occur, whereas 
the parent molecules of 4-methylumbelliferone and umbel­
lif erone do not combine with copper. 
^-Methylesculetin forms compounds with copper in the 
ratio of 1 ligand to 1 copper ion (Figure 29), the union 
undoubtedly occurring through the ortho phenolic groups. 4— 
Methylesculetinmethyleneiminodiacetic acid'^ H2O forms both 
1:1 and 2:1 compounds with copper ion (Figure 30). The forma­
tion of a 2:1 compound (2 ligand to 1 copper ion) indicates 
that 4-methylesculetlnmethyleneiminodiacetio acid*^ H2O has 
a greater affinity for copper than 4-methylesculetin. This 
greater affinity probably results from the presence of the 
carboxylate group and from the presence of the positive 
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charge on the nitrogen atom (zwitter ion) which makes both 
phenolic groups stronger acids. Apparently there are no 
steric effects hindering the formation of the 2:1 compound, 
3. Effect of calcium on fluorescence 
The calcium-^-methylumbelliferone-8-methyleneiminodi-
acetic acid and calclum-umbelliferone-8-methyleneiminodlace-
tic acid compounds show intense fluorescence at pH 12 and 
above while the free compounds are non-fluorescent at high 
pH (Figures 15 and l6). The bonding of calcium and 4-methyl-
umbelliferone-8-methyleneiminodiacetic acid and the bonding of 
calcium and umbelllferone-8-methyleneiminodlaoetic acid is 
through the phenolate and imino anions. Proof that the 
imino group is involved in bonding is obtained from the fact 
that the calcium compound exhibits intense fluorescence at 
high pH values where the decrease in the fluorescence of the 
free indicator is due to the neutralization of the imino 
proton. Further proof that the phenolate and imino groups 
I 
are Involved in bonding is obtained from the titration curve 
of ^-methylumbelliferone-8-methyleneiminodiacetic acid in the 
presence of a ten-fold excess of calcium with sodium hydroxide 
(Figure 51) and from the titration curve of umbelliferone-8-
methyleneiminodiacetic acid in the presence of a ten-fold 
excess of calcium with sodium hydroxide (Figure 52). The 
titration curve up to the first end-point is not changed by 
the presence of calcium (Figure 1). Beyond the first end-
154 
point, the curves are greatly altered, the second and third 
replaceable protons being much stronger acids and being 
neutralized in one step indicating displacement from the 
molecule by the copper. 
Although calcium does combine with 4-methylesculetln and 
4-methylesculetinmethyleneiminodiacetic acid as indicated by 
a slight change in the fluorescence when calcium is present 
and as indicated by the shape of the titration curve of 4-
methylesculetinmethyleneiminodiacetic acid*^ H2O, it is not 
useful as a fluorometric reagent for calcium because the 
fluorescence of the free compound is not different enough 
from the fluorescence of the calcium-4-methyleseuletinmethyl-
eneiminodiacetic acid compound. 
The stability of the calcium compounds of 4-methyl-
umbelliferone-8-methyleneiminodiacetic acid and umbelliferone-
8-methyleneiminodiacetic acid is directly related to the 
stability of 4-methylumbelliferone and umbelliferone. In 
basic solution 4-methylumbelliferone and umbelliferone are 
highly fluorescent but at high pH values the -^pyrone ring 
opens, the corresponding hydroxycoumarinic acid is formed and 
fluorescence is lost. 
Fluorescent Fluorescent Non-fluorescent 
I 
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Similar reactions occur when ^-methylumbelliferone-8-methylene-
iminodiacetic acid and umbelliferone-8-methyleneiminodiacetic 
acid are titrated with alkali. 
OH" 
^Hp 
tl^^CHgCOO-
CHgCOOH 
CHg 
+NCCH2C00-
^ CH COO" 
OH .  
Fluorescent Fluorescent Fluorescent 
/^O 
u 
CHp 
^^CHgCOO" 
CHgCOO" 
OH' 
CHg 
NCCHoCOO" 
CHJCOO" 
Non-fluorescent Non-fluorescent 
The' fluorescence of 4-methylumbelliferone-8-methylene-
iminodiacetic acid and umbelliferone-8-methyleneiminodiacetic 
acid is lost when the imino proton is neutralized (before ring 
opening occurs); whereas, the loss of fluorescence in 4-
methylumbelliferone and umbelliferone is caused by ring 
opening. 
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When, calcium is present the following neutralization 
reactions occur 
Fluorescent Fluorescent Fluorescent 
^^^b<CH?COO-
CH2COO 
Fluorescent Non-fluorescent 
Union of the calcium with the carboxylate groups probably 
occurs after union with the phenolic group takes place but 
there is no evidence as to when this occurs. 
It appears that the bonding of calcium to nitrogen has 
the same effect on fluorescence as the bonding of hydrogen to 
nitrogen, that is, when the imino nitrogen is bonded either 
to hydrogen or calcium the molecule is fluorescent, and when 
hydrogen or calcium is removed the fluorescence is lost. 
The more basic the solution, the more readily the pyrone 
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ring will open (Figure 31). If an excess of compound is 
present; however, the calcium-4-methylumbelliferone-8-
methyleneiminodiacetic acid compound is stable for one hour 
at pH 12.8 and hence can "be used for the direct fluorometric 
determination of calcium. 
Previous workers (10) have noted that the opening of the 
pyrone ring takes place more slowly when substituents are 
present in the pyrone ring. This correlation was reaffirmed 
by the study of the decrease in fluorescence of the calcium 
compound of 4-methylumbelliferone-8-m.ethyleneiminodiacetic 
acid and the calcium compound of umbelliferone-8-methylene-
iminodiacetic acid with time. The calcium-umbelliferone-8-
methyleneiminodiacetic acid compound loses its fluorescence 
more quickly (Figure 31). 
Calcium combines with 4-methylumbelliferone-8-methylene-
iminodiacetic acid in a 1:1 ratio (Figure 32). It is assumed 
that calcium combines with umbelliferone-8-methyleneiminodl-
acetic acid in the ratio 1:1 also but the opening of the 
pyrone ring was too rapid to permit proof of this. 
Aj/. Effect of aluminum on fluorescence 
The titration of a mixture of 4-methylumbelliferone-8-
methyleneiminodiacetic acid and aluminum with 0.2 M potassium 
hydroxide was followed fluorometrically on a Turner Model 10 
fluorometer. The pH range covered was 1.5 to 4.0. Over this 
range the fluorescence was not affected by the presence of 
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aluminum. In this property ^1—methylumbelliferone^S-methylene-
iminodiacetic differs from Calcein which exhibits intense 
fluorescence in the pH range 2 to 2.5 when aluminum is present. 
E, Acid Dissociation Constants 
1. Determination of acid dissociation constants using solu­
bility data 
The determination of the acid dissociation constants of 
the compounds under study was made using various methods. The 
potentiometric titrations of 4-methylumbelliferone-8-methylene-
iminodiacetic acid and umbelliferone-8-methyleneiminodiacetic 
acid (Figure 1) show two distinct end-points, one at a = 1 and 
one at a = 2, (a) being the number of moles of base added per 
mole of acid. However, the compounds did not dissolve com­
pletely until just before the first end-point at a = 1. 
Immediately before the first end-point, the pK changed very 
rapidly with very small increments of base added. This made 
it difficult to calculate accurately the acid dissociation 
constants from the potentiometric titration curve before the 
first end-point. The potentiometric titration of 4-methyl-
esculetin-8-methyleneiminodiacetic acid (Figure 2) also shows 
two end-points. The position of the first end-point is 
dependent upon the rate of addition of base, the compound not 
dissolving until just after the point a- = 1. Thus, in this 
case also it was not possible to calculate the first acid 
dissociation constant from the points on the titration curve. 
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Another procedure was therefore used, the method of Krebs and 
Speakman (9)» to determine the acid dissociation constants of 
the carboxylic proton of ^--methylumbelliferone-8-methylene-
iminodiacetic acid, umbelliferone-8-methyleneiminodiacetic 
acid and 4-methylesculetinmethyieneiminodiacetic acid«|- H2O. 
This method is based on a measurement of the solubility of. 
the acid at various values of pH. The data obtained are 
given in Table 3. 
The amount of material in solution at a specific pH, S, 
is the sum of the amount of the neutral molecule and of the 
anion in solution 
S = [HA] -i- [A-] . (1) 
By definition 
- # -
Ko [HA] S = [HA] + - (?) 
[H+] 
At high hydrogen ion concentration S falls practically to S®, 
the intrinsic solubility, which is equal to [HA] so (3) can be 
rewritten 
K_S° 
8 = 3° + (4) 
[H+] 
or 
S = 5° [1 + antilog (pH - pK^)] (5) 
rearranging 
pKa = pH - log[(S/S°) - 1]. (6) 
S is therefore 
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Before Equation 6 can be applied, 8° must be determined. 
This is done by plotting S against 1/[h^]. According to 
Equation 4 extrapolation to 1/[H^] = 0 gives S° (Figure 33)» 
The acid dissociation constant can then be calculated using 
Equation 6 or can be determined by plotting log [(S/S°) - l] 
against pH, In the second case the pKg^ is the pH at which 
the line intersects the abscissa. Both methods were used in 
calculating the acid dissociation constants and yielded 
essentially the same results. The results are listed in 
Table 11. 
2. Determination of acid dissociation constants using 
spectrophotometrlc data 
The acid dissociation constants of the phenolic protons 
were determined spectrophotometrically, Absorption spectra 
of 4-methylumbelllferone, umbelliferone, umbelliferone-8-
methylenelmlnodlacetic acid, 4-methylumbelliferone-8-
methyleneglycine, umbelliferone-8-methyleneglycine*§ H2O and 
4-methylumbelliferone-8-methylenesaroo8lne'l§ HgO shown in 
Figures 35t 36, 37, 38, 39 and 40 respectively, indicate one 
wavelength of maximum absorbance in acid solution, at approx­
imately 320 mu, and one wavelength of maximum absorbance in 
alkaline solution, at approximately 365 mu. The wavelength 
of maximum absorbance in acid and alkaline solution for each 
compound is listed in Table 12. 
Table 11. Acid dissociation constants of the carboxylic acid function of 
4-inethylumbelliferone-S-methyleneiminodiacetic acid, umbellifer-
one-8-methylenelminodiacetic acid and ^(—methylesculetinmethylene-
iminodiacetic acid*-|- H2O determined from solubility measurements 
Compound S° PH S PKa pK a 
(mg./lOO ml.) (mg./lOO ml.) (Equation 6) (graph) 
4-Methylumbelliferone­ 1. 00 2.36 1. 20 3.06 
s'" methylene iminodi­ 2.80 1. 71 2.95 
acetic acid 3.39 3. 77 2.95 
4.45 32. 37 2.95 
4.65 48. 19 2.98 
4.74 59. 44 2.97 
2o98 (Ave.) 2. 97 
Umbelliferone~8~ 7. 20 3.26 22. 66 2.92 
methyleneiminodi- 3.84 65, 66 2.93 
acetic acid 3.96 84. 80 2.92 
4.06 94. 33 2.97 
2.94 (Ave.) 2. 94 
^-Methyleseuletin- 0. 52 3.34 1. 58 3.03 
methyleneiminodiacetic 3.76 3. 55 2.99 
acid.i H2O 4.06 5. 63 3.07 
4.41 12. 94 3.03 
3.03 (Ave.) 3. 03 
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Table 12. Wavelength of maximum absorbance in acid and alka­
line solution of 4-inethylumbelliferone, umbellifer-
one, umbelliferone-8-methyleneiniinodiacetic acid, 
4-methylumbelliferone-8-raethyleneglycine, umbel-
liferone-8-methyleneglycine*|- H2O and 4-methyl-
umbelliferone-8-methylenesarcosine*l§ H2O 
Compound, Wavelength maximum 
Acid solution Alkaline solution 
mu mu 
4-Methylumbelliferone 320 360 
Umbelliferone 325 365 
Umbelliferone-8-methylene-
iminodiacetic acid 322 367 
4-Methylumbelliferone-8-
methyleneglycine 322 365 
Umbelliferone-8-methylene ' 
glycine«è HgO 322 369 
4-Methylumbelliferone-8-
methylenesarcosine*l-| HgO 321 360 
The absorbance changes with pH, the absorbance at 320 mu 
decreasing with pH and the absorbance at 365 mu increasing 
with pH (Figures 41, 42, 43, 44, 45 and 46), This change in 
the absorption spectra corresponds to the change observed in 
the fluorescence spectra and is attributed to the neutraliza­
tion of the phenolic proton. Only one inflection point is 
observed in each curve. The pH at the inflection point is a 
good approximation of pKg^ and knowing the approximate value, 
the log-ratio method was employed to accurately determine the 
pKa of the phenolic proton of 4-methylumbelliferone, umbel-
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liferone and their derivatives. 
The reasoning behind the log-ratio method is as follows, 
The reaction observed is 
EA = + A" (7) 
and the acid formation constant for the reaction is 
K, = . (8) 
[HA.] 
The ratio of [A~]/[HA] can be described by the ratio of the 
absorbances 
Aglx - ,g\ 
•^A" ~ ^ mix 
Substituting (9) into (8) and taking the negative logarithm 
pKa = pH - log (10) 
•^A- ~ ^ mix 
By substituting the proper values of pH and absorbance into 
Equation 10 the pK^ values are obtained. The values calcu­
lated for the pKa of the phenolic proton of 4-methylumbel-
liferone, umbelliferone and their derivatives are given in 
Table 13. 
The log-ratio method was not used to determine the acid 
dissociation constants of 4-methylesculetin and 4-methyles-
culetinmethyleneiminodiacetic acid*^ H2O because of serious 
buffer effects caused by chemical reaction of buffer and the 
ortho phenolic groups of 4-methylesculetln. The acid dis­
sociation constants of these compounds were determined 
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Table I3. Acid dissociation constants of the phenolic proton 
of ^-methylumbelliferone, umbelliferone, umbel-
liferone-8-aiethyleneiminodiaoetic acid, 4-methyl-
umbelliferone-8-methyleneglyclne, umbelliferone-8-
methyleneglycine--! H2O and 4-methylumbelliferone-
8-methylenesarcosine«l§ H2O 
Compound P^a 
4-Methylumbelliferone 7 .82 
Umbelliferone 7 
0
0
 
Umbelliferone-8-methyleneiminodiacetic acid 6 
.95 
4-Methylumbelliferone-8-methyleneglycine 6 .88 
Umbelliferone-S-methyleneglycine•g H2O 6 
.79 
4-Methylumbelliferone-8-methylenesarcosine*1§ H2O 6 .71 
directly from the graph of absorbance versus pH obtained from 
the titration of the compounds with 0.1 M potassium hydroxide 
(Figures 49 and 50). Many readings of absorbance were taken 
in the vicinity of the inflection point to assure the certainty 
of its measurement. The acid dissociation constant of the 
first phenolic proton of 4-methylesculetin obtained from the 
graph of absorbance versus pH is 7.4o and the acid dissocia­
tion constant of the first phenolic proton of 4-methylescule-
tinmethyleneiminodiacetic acid is 6.35. 
3. Determination of acid dissociation constants using fluoro-
metric data 
Two inflection points are observed in the graphs of 
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absorbance versus pH (Figures 4-9 and 50) and in the graphs of 
fluorescence versus pH (Figures 22 and 23) of 4-methylescule-
tin and 4-methylesculetinmethyleneiminodiacetic acid«^ H2Û. 
The pH at the first inflection point corresponds to the pKq_ . 
of one phenolic proton and the pH at the second inflection 
point corresponds to the pKg_ of the second phenolic proton. 
Because the second inflection point is not well defined by 
absorbance data, the fluorescence data was used to calculate 
the acid dissociation constant of the second phenolic proton. 
The values obtained are 11.65 for 4—methylesculetin and 11.35 
for 4-methylesculetinmethyleneiminodiacetic acid'-g- H2O. 
The acid dissociation constants of the ammonium ions 
were determined using the data shoxm in Figures 15. I6, 1?. 
16 and 19. Two changes in fluorescence are observed with 
changes in pH for the amino acid derivatives of 4-methyl-
umbelliferone and umbelliferone, namely the simultaneous 
decrease in fluorescence at 330 mu and increase in fluores­
cence at 370 mu at pH 6 and the decrease in fluorescence at 
370 mu at pH 9.5. Only one change in fluorescence with pH is 
found with 4-methylumbelliferone and umbelliferone, Figures 
13 and 14. This change or inflection is attributed to the 
neutralization of the phenolic proton and is common to parent 
molecule and amino acid derivative while the second inflection 
1 
is present only in the curves for the amino acid derivatives 
and is attributed to the neutralization of the ammonium 
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proton. 'The pH at the second, inflection point, then, is 
equal to the pK^ of the ammonium group. The values of pK^ 
determined for the ammonium groups are listed in Table 14. 
Table 14. Acid dissociation constants of the ammonium proton 
or 4-methyluiiibelliferone-8-methyleneiminodiacetic 
acid, umbelliferone-8-methyleneiminodiacetic acid, 
4-methylumbelliferone-8-methyleneglycine, umbel-
liferone-8-methyleneglycine*^ H2O and 4-methyl-
umbelliferone-8-methylenesarcosine'l-g- H2O 
Compound pK^ 
4-î'îethylumbelliferone-8-methyleneiminodiacetic acid 11. 30 
Umbelliferone-8-methyleneiffiinodiacetic acid 11. 11 
4-Methylumbelliferone-8-methyleneglycine 10. 25 
Umbelliferone-S-methyleneglycine^l" H2O 10. 25 
4-Methylumbelliferone-8-methylenesarcosinè•li E2O 
0
 
H
 0
0 0
 
The acid dissociation constant of the imino proton of 
4-methylesculetinmethyleneiminodiacetic acid»|- HgO could not 
be determined from data obtained from the potentiometric 
titration curve, from absorbance data or from fluorescence 
data and no value for it is given. 
A summary of the acid dissociation constants of 4-methyl-
umbelliferone, umbelliferone, 4-methylesculetin, 4-methyl-
umbelliferone-8-methyleneimlnodiacetic acid, umbelliferone-8-
methyleneiminodiacetic acid, 4-methylesculetinmethyleneiiaino-
diacetic acid, 4-methylumbelliferone-8-methyleneglycine, 
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umbelliferone-8-iiiethyleneglycine •K2O and 4-iiiethylumbellifer-
one-8-methylenesarcosine• lè ¥-2^ i2 given in Table 1:^. 
The only acid functions in ^-methylumbelliferone, umbel-
liferone and ^-methylesculetin are the phenolic groups. Th,.-
values of 7.83, 7.83 and 7.4-0 respectively. These 
are reasonable values, agreeing with values for substituteo 
phenols which vary from 7.I to 10.3 depending on the nature 
and position of the substituent. The second acid dissocia­
tion constant of 4-methylesculetin is 11.65 which is a consid­
erably weaker than that of the first phenolic group. This is 
expected because of the presence of a negative charge on tne 
neighboring oxygen. 
Turning to ^-methylumbelliferone-8-methyleneiminodi-
acetic acid, umbelliferone-8-inethylenelminodiacetic acid and 
4-methylesculetinmethyleneiminodlacetic acid, the replaces e 
hydrogen atoms come from the carboxyl group, one phenolic 
group in the case of 4-methylumbelliferone-S-methyleneimaao-
diacetic acid and umbelliferone-B-methyleneiminodiacetic old 
and two phenolic groups in the case of 4-methylesculet 
methyleneiminodiacetic acid'g K2O, and from the imino group. 
Of the two carboxyl groups present, one is already ionize 1. 
owing to the formation of a zwitter ion (the carboxyl pre 
is transferred to the Amino group). The second ce.i ^ oxyl 
I 
group is a stronger acid than expected because of the positive 
charge on the neighboring ammonium group. This phenomenori 
Table 15. Summary of the acid dissociation constants of 4-methylumbelliferone, 
umbelliferone, 4-methylesculetin, .^-methylumbelliferone-S-methylene-
irainodiacetic acid, umbelliferone--8-methyleneiminodiacetic acid, 
^-methylesculetin~8~methyleneiminodia,cetic acid«^ HgO, ^ -methyl-
umbelliferone-B-methyleneglycine, umbelliferone-S-methyleneglycine• 
g H2O and ^-methylumbelliferone-S-methylenesarcosine'l-g- H2O 
Compound pK^ pKg pK^ pK^j, 
4-Methylumbelliferone 
Umbelliferone 
4-Hethyleseuletin 
4-Methylumbelllferone-8-methylene-
iminodiacetic acid 
Umbellif erone~8~me thyleneirainodi-
acetic acid 
4-Methylesculetinraethyleneiralnodi-
acetic acid°^ H2O 
^"Methylumbelliferone-B-methylene-
glycine 
Umbellif erone-8~inethyleneglycine -
& H2O 
4-Hethlyumbelliferone-S-methylene-
sarcosine»!-! H2O 
C = Carboxyl group 
Pi = Replaceable hydrogen of first phenolic group 
P2 = Replaceable hydrogen of second phenolic group 
A = Ammonium ion 
7.82 Pi 
7.83 Pi 
7.40 ?! 11.65 P2 
2.97 C 6.92 Pi 11.28 A 
2.94 C 6.95 Pi 11.11 A 
3.03 c 6.35 Pi 11.35 P2 
6.88 Pi 10.25 A 
6.79 Pi 10.25 A 
6.71 Pi 10.80 A 
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also occurs in iminodiacetic acid 
CHgCOOH 
pK^ = 2.54 
(Carboxyl) 
pK2 = 9.12 
(Ammonium) 
The second replaceable hydrogen atom of 4-methylumbel-
liferone-8-methyleneininodiacetic acid iv^suZ ~ 6.92) and 
umbelliferone-8-methyleneiminodiacetic acid (pK^2 = °'95) 
comes from the phenolic groups while the second and third 
replaceable hydrogen atoms of 4-methylesculetinmethylene-
iminodiacetic acid«§ H2O (pKa_2 = 6.35. pK^l = 11»35) come 
from phenolic groups. The phenolic groups of 4-methylumbel-
liferone-8-methyleneiminodiacetic acid, umbelliferone-8-
methyleneiminodiacetic acid and the first phenolic group of 
4-methylesculetinmethyleneiminodiacetic acid«f H2O are 
stronger acids than the corresponding phenols of the parent 
molecules by approximately one order of magnitude. This again 
results from the positive charge on the ammonium group. The 
same argument is adopted by Schwarzenbach, Anderegg and 
Sallman (11) for the analogous compound 2[N,N--bis(carboxy-
methyl)aminomethyl]phenol 
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\ / ^ Ck%,COOH 
pKi = 2.2 p%2 = 8.17 pKa = 11.79 
(Garboxyl) (Phenol) (Ammonium) 
The acid dissociation constant of the second phenolic 
group of ^-methylesculetinmethyleneiminodiacetic acid is 11.35 
which as in the case of A—methylesculetin is a much weaker' 
acid than the first phenolic proton. It is a slightly stronger 
acid, however, than the corresponding phenolic group of 4-
methylesculetin (11.60) owing to the presence of a positive 
charge on the neighboring ammonium group. 
The acid dissociation constants of the ammonium group of 
4-methylumbelliferone-8-methyleneiminodiacetic acid (pK^^ = 
11.11) are approximately the same as that of l-[3'(N,N-bis 
( carboxyraethyl)aminomethyl)-2 '-hydroxy-1 '-benzeneazo]-2-
hydroxybenzene 
-R= -  C NC  ^  ^  ^  ^  
jlj CHgCOOH 
171 
(pKgh = 11.2) but somewhat greater than the corresponding one 
for 2[N,N-bis(carboxymethyl)aminomethyl]phenol (pX^ = 11.79). 
They are considerably weaker than the ammonium group of imino­
diacetic acid (pKa2 = 9.12). Schv^arzenbach (11) explains this 
by assuming hydrogen bond formation of the ammonium hydrogen 
atom with the neighboring phenolate group. 
The more highly bonded hydrogen would have less tendency to 
dissociate. 
The reasoning is much the same for 4-methylumbelliferone-
8-methyleneglycine, umbelliferone-5-methyleneglycine••I H2O and 
4-methylumbelliferone-8-methylenesarcosine.lf H2O the only 
difference being the absence of one acetic acid group. A 
zwitter ion is formed by the transfer of the carboxyl proton 
to the ammonium group and thus no free carboxyl groups are 
present. The phenolic groups of ^-methylumbelliferone-8-
methyleneglycine (pK^i = 6.88), umbelliferone-8-methylene-
glycine*! H2O (pK^i = 6.79) and 4-methylumbelllferone-8-
methylenesarcosine»lf H2O (p^al = 6.71) are slightly stronger 
than the corresponding ones for the methyleneimlnodiacetic 
acid derivatives. This presumably is due to stronger repul­
sion by the more positive charge on the ammonium groups of 
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glycine and sarcosine. The positive charge on the ammonium 
group of the iminodiacetic acid derivatives is partially 
neutralized by a negative charge on each of its carboxylate 
groups whereas in glycine and sarcosine it is partially 
neutralized by only one carboxylate group. 
The acid dissociation constants of the ammonium group 
of ^-methylumbelliferone-8-methyleneglycine (pK^g = 10.25). 
umbelliferone-8-methyleneglycineH2O (pKg^2 ~ 10.25) 
and 4-methylumbelliferone-8-methylenesarcosine•1^ H2O 
(pK^2 = 10.80) are somewhat lower than the corresponding 
ones for ^-methylumbelliferone-8-methyleneiminodiacetic 
acid (pKg,^ = 11.28) and umbelliferone-8-methyleneiminodi-
acetic acid (pK^c = 11.11). This is also explained by the 
fact that the positive charge on the ammonium group is 
partially neutralized by only one carboxylate group in 
the case of the glycine and sarcosine derivatives (the 
ammonium group is more positive and the positive hydrogen 
is more readily removed) but it is partially neutralized 
by two carboxylate groups in the case of the iminodiacetic 
acid derivatives (the positive hydrogen is repulsed less 
by the less positive ammonium group and hence is a weaker 
acid). 
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P. Formation Constants with Calcium and Copper 
1. Determination of formation constants of calcium compounds 
The formation constants for calcium uniting with 4-
methylumbelliferone-8-inethyleneiminodiacetic acid, umbel-
liferone-B-methylenelEiinodiaceti c acid and 4-methylesculetin-
methyleneiminodiacetic acid were determined by the method 
devised by G. Schwarzenbach, G. Anderegg, and R. Sallman (11). 
Use of this method requires data obtained from the potentio-
metric titration of the compounds in the presence of excess 
metal ion with sodium hydroxide. Such titration curves for 
^-methylumbelliferone-8-methyleneininodiacetic acid and 
umbelliferone-8-methyleneiminodiacetic acid are shown in 
Figures 51 and 52. 
The argument is as follows. The graph of the titration 
curve with a ten-fold excess of calcium ion shows two distinct 
end-points. The portion of the curve up to the first end-
point corresponds to the neutralization of the carboxyl group, 
pK^; and is not altered by the presence of calcium. The 
second end-point results from compound formation and the 
overall apparent acid formation constant, calcu­
lated using Equations 11 and 12. 
ZE* -r Ina"3 = H2lnd- (11) 
[Hzind-] 
Hglnd (12) 
174 
The results of the determination of 4-methyl-
•um'belliferone-8-ïïiethyleneiminodiacetic acid and umbelliferone-
8-methyleneiminodiacetic acid are 3.44 x 10^-5 and 2.7^ x 10^^ 
respectively. 
The reactions which take place on neutralization in the 
presence cf excess metal are: 
(13) 
HInd-2 Ind~3 
Holnd = Kplnd" = = -i-J ^ 
.MHInd _ .Mlnd-. 
Therefore, K'n^lnd" "be expressed in terms of the 
species present in solution in the pH range indicated. 
[Hgind-] 
K' 
a^lnd" [H+]2([lnd-3] -i- [Mind-]) 
Substituting 
K: LMHInd] 
Mlnd-
MEInd [jf-2][Hind~^] 
[Mind-] 
[H+2][lnd-3] 
into Equation 14 gives 
and 
^'H2lnd- - %ai%a2 
(14) 
(15) 
(16) 
(17) 
(18) 
175 
The value of , can be calculated using Equation 18, 
i'llnd" 
the value obtained for %'^2lnd- the acid formation con­
stants. The values for the formation constants of the calcium 
compound of 4-methylumbelliferone-S-methyleneiminodiacetic 
acid and the calcium compound of u^balllferone-S-mothylene-
iminodiacetic acid are 1.06 x 10^ and 8.26 x 10^ respectively. 
The two values differ by approximately one order of magnitude. 
This difference stems from the two titration curves, the curve 
for the titration of umbelliferone-8-methyleneiminodiacetic 
acid being higher than the titration curve of 4-methylumbel-
liferone-8-methyleneiminodiacetic acid in the presence of 
excess calcium in the region between 1 and 3 moles of base 
added per mole of acid. 
In the case of 4-methylesculetinmethyleneiminodiacetic 
fj i;  
acid'g HgO, the problem of determining K^^rd" more complex 
owing to the presence of the additional phenolic group but 
basically the reasoning is the same. The graph of the titra­
tion curve with excess metal has two distinct end-points. 
The first portion of the titration curve is assigned to the 
dissociation of the carboxyl group and the two phenolic 
groups and the second portion is assigned to the neutraliza­
tion of the ammonium group. The first region extends over 
the pH range of three replaceable hydrogen atoms and the over­
all apparent acid formation constant can be calculated 
using Equations 19 and 20. 
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4- KInd-3 = K^lnd (19) 
- sSstîi 
It is assumed that the carbozyl group is not involved in 
compound formation as in the case of ^-methylumbelliferone-
8-methyleneiminodiacetic acid and umbelliferone-S-methylene-
iminodiacetic acid, compound formation being the result of 
combination of calcium with the ortho phenolic groups. Know­
ing K for the reaction 
' ar-' V Hjind- = K/,Ind (21) 
Ind] 
"•< — 
[H+OLBglnd-] 
(22 )  
the overall apparent acid formation constant can be 
calculated 
2H'' + HInd-3 = H^Ind- (23) 
[?l3lnd-] 
K-H3lnd = [ir]2rHin4-3] '^4) 
because 
KfK'HjInd-) = K'n^Ind (25) 
The second region extends over the range of neutraliza­
tion of one replaceable hydrogen» thus can be deter­
mined from Equations 26 and 2? 
+ Ind-4 = EInd-3 (26) 
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(27)  
[H+][lnd-4] 
The reactions which take place on neutralization in the 
presence of excess metal ion are 
H,I.d=H3lnd-= =r^"r'l(28) 
KKgInd MHInd- MInd-2 
Therefore, K'^^Ind- ^an "be expressed in terms of the species 
present in solution in the pH range indicated. 
îjind- [ir'']2([HInd-3] -i- [MHInd"]) 
Substituting 
K2K3 = 
'Hmind-
[Bglnd-] 
[H*]2[HInd-3] 
[HKInd"! 
and 
K 
M 
KH2lnd 
[Mf2][HInd-3] 
[MHgInd] 
[%r2][H2lnd-2] 
(29) 
(30) 
(31) 
(32) 
into Equation 29 gives 
K. 
Hjin _ = K2K2 
1 -i- [i'i'^]%iHInd-
(33) 
Similarly can De expressea as 
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_ [Kind-3] [HHInd-1 
Hind-3 [H+]([lnd-4] - [%Ind-2]) 
Substituting 
K4 = (35) 
[H+][lnd-4] 
.M _ [KInd-2] 
[M*2][lnd-4] 
and 
KSlna-2 = (3«) 
MHInd- [%+2][Hind_3] 
into Equation 34 gives 
1 V C -,r-r2 ' 
%HInd-3 = X4 (38) 
'kind-1 + [tr2]K%^nd-2 
This equation however, could not be solved because K/j, could 
not be determined (see page 167). Also,, because the calcium-
4-methylesculetinnethyleneiminodiacetic acid compound was not 
highly fluorescent and, therefore, was not a fluorescent 
indicator for calcium the problem was abandoned. 
None of the other compounds acted as fluorescent indi­
cators for calcium. The titration curves of 4-methylumbel-
liferone-S-methyleneglycine, umbelliferone-8-methyleneglycine• 
§ HgO and 4-methylumbelliferone-8-methylenesarcosine*lf H2O 
in the presence of a ten-fold excess of calcium were identical 
to the titration curves of the compound alone, indicating that 
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no compound formation occurred. 
2. Determination of formation constants of copcer confounds 
The formation constants of copper reacting with 4-methyl-
umbelliferone-8-methyleneiminodiacetic acid, umbelliferone-8-
methyleneiminodiacetic acid, ^-zethylesculetinmethylene-
iminodiacetic acid»§ HgO, ^ -methylumbelliferone-8-methylene-
glycine, umbelliferone-8-methyleneslycine»-|- H2O and 4-methyl-
umbelliferone-8-methylenesarcosine-If E2O were determined by 
the method devised by G. Schwarzenbach, G. Anderegg and H. 
Sallman (11) in the cases where it proved possible to deter­
mine them. Use of this method required data obtained from 
the potentiometrie titration of the compound in the presence 
of a ten-fold excess of copper ion with sodium hydroxide. 
Such titration curves are shovrn in Figures ^1, 52» 53» 5^. 55 
and 56. The argument is as follows. The graphs of the 
titration curve of 4-methylumbelliferone-8-methyleneiminodi-
acetic acid and of umbelliferone-8-methyleneiminodiaoetic acid 
in the presence of excess copper with sodium hydroxide have 
one end-point. The buffer region extends over the range of 
neutralization of two replaceable hydrogen atoms and the over­
all apparent acid formation constant K^^^nd calculated 
using Equations 39 and ^0, 
2H^ -i- HInd-2 = Bgind 
_ [H^Ind] (40) 
(39) 
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The values of ^-methylumbelliferone-S-methylene-
iminodiacetic acid and umbelliferone-8-methyleneiminodiacetic 
acid are 1.04 x 10'^ and 1,85 % 10^ respectively. 
The reactions which take place on neutralization in the 
presence of excess metal ion are 
H2lnd- HInd-2 Ind"-' 
^Ind = "V* — = -i-
MH2lnd-i- %HInd Mlnd-
(41) 
Therefore, can be expressed in terms of the species 
present in solution in the pH range indicated 
[H^Ind] 
Defining 
Hcind [H+]2([HInd-2] + [iffilnd]) 
y % _ [S^Ind] 
^^1 &2 [E-'-]2[HInd-2] 
(42) 
(43) 
gM _ ^ [HHIndl 
v'lHind (44) 
KXHgind = 
[HHpInd^-] 
[K+2][H2lnd-] 
Equation 42 can be expressed as 
(45) 
k: = Ka.Kc Hjina - a2 ^  ^  (46) 
The ammonium group also appears to be involved in com­
pound formation with copper because in the titration of 4-
methylumbelliferone-8-methyleneiminodiacetic acid and 
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umbelliferone-8-methyleneiminodiacetic acid in the presence 
of excess copper the curve at n = 3» where n is the number of 
moles of copper added per mole of acid, is displaced to lower 
pH values. 
The apparent acid formation constant of the second 
portion of the titration curve can be determined using equa­
tions 4? and 48 
H+ + Ind-3 = Hind-2 
(47) 
The values of calculated for 4-methylumbelliferone-8-
methyleneiminodiacetic acid and for umbelliferone-8-methylene-
iminodiacetic acid are 3*0 x 10^ and 3.60 x 10^ respectively. 
Kgind-2 can be expressed in terms of the species present 
in solution in the pH range indicated 
k' , _ [HInd-Z] 4- [MHInd] 
'Hind- [H+]([lnd-3] + [Mind-]) 
Defining 
and 
• iëfâi 
K« = 
Hind- " 
_ [mind] 
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^HInd-2 be expressed as 
KHInd-2 = Kaj ^ (52) 
1 + [M:2]K#inà-
VvT 
The values of calculated for ^-methylumbelliferone-8-
methyleneiminodlacetic acid and uabelllferone-8-methylene-
iminodiacetic acid are 1.15 x 10^3 and 3.6? x 10^^ respec­
tively. 
— M it is apparent that corresponding values of -S,Ttjxnd 
M K,._ , for 4-methylumbelliferone-8-inethyleneiininodiacetic i'lina" 
acid and umbelliferone-S-methyleneiminodiacetic acid differ 
by approximately one order of magnitude. The reason for this 
is not obvious, however, it may be traced back to the titra­
tion curves. The titration of 4-methylumbelliferone-8-
methyleneiminodiacetic acid in the presence of a ten-fold 
excess of copper with sodium hydroxide was carried out in a 
clear blue solution - everything being in solution. However, 
the solution containing umbelliferone-8-methyleneiminodi-
acetic acid in the presence of a ten-fold excess of copper 
was cloudy and did not become clear during the course of the 
titration. 
The graph of the potentiometric titration curve of 4-
methylesculetinmethyleneiminodiacetic acid in the presence 
of a ten-fold excess of copper with sodium hydroxide contains 
two distince end-points but instead of occurring at n = a 
whole number, the end-points occur at n = 1.70 and at n = 
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3.52. Likewise the graphs of the titration curves of 4-
methylum'belliferone-8-methyleneglycine, umbelliferone-8-
methyleneglycine •II2P and. 4-methylumbelliferone-8-methylene-
sarcosine«l|- ÏÏ2O in the presence of a ten-fold excess of 
copper show one end-point, at n = 1.7?. 
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IV. SUMMARY 
I 
Five substituted couEarins have been prepared, purified , 
and studied as potential netallofluorochromic indicators; 
Umbelliferone-8-methyleneiniinodiacetic acid 
4-Kethylesculetinaethyleneiminodlacetic acid'g H2O 
4-Methylumbelliferone-8-methyleneglycine 
Umbelliferone-S-methyleneglycine"-!- H2O 
4-Methylumbelliferone-8-methylenesarcosine»li H2O. 
In addition, 4-methyluiabelliferone-B-raethyleneiminodiacetic 
acid (Calcein Blue), prepared in earlier work, has been 
studied more extensively. 
The methyleneamino acid group of these molecules was 
introduced into the molecule of the parent hydroxycoumarin 
by condensation with formaldehyde and the appropriate amino 
acid (yiannich reaction). The composition and structure of 
these compounds was established by elemental analysis, deter­
mination of equivalent weight by neutralization, and nuclear 
magnetic resonance spectroscopy. The methyleneamino acid was 
introduced into 4-methylumbelliferone and umbelliferone at 
position 8. 
The acid dissociation constants of each of the parent 
hydroxycoumarins, of each of the Mannich condensation products, 
and of 4-methylumbelliferone-8-methyleneiminodiacetic acid 
have been determined and assignments made of the various acid 
functions to specific groups in the molecules. The methylene-
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amino acid groups are present as zv:itter ions. The negative 
logarithms of the dissociation constants and the correspond­
ing groups are : 
^-Kethylumbelliferone 
pKl = 7.82 (P) 
Umbe11iferone 
pKi = 7.8] (?) 
4-Kethylesculetin 
pXl = 7.40 (Pi) pKg = 11.65 (P2) 
4—Methylumbelliferone-S-nethyleneiminodiacetic acid 
pXl = 2.97 (C) pX2 = 6.92 (P) pKj = 11.28 (A) 
Umbelliferone-8-methyleneininodiacetic acid 
pKi = 2.94 (C) pK2 = 6.95 (P) P%3 = 11.11 (A) 
4-Kethylesculetinmethyleneiminodiacetic acid.|- H2O 
p%i = 3.03 (C) pK2 = 6.35 (Pi) PKj = 11.35 (P2) 
pKij. = unknown 
4-Kethylumbelliferone-8-methyleneglycine 
pKi = 6.88 (?) pK2 = 10.25 (A) 
Umbelliferone-8-methyleneglycine•§ H2O 
pKi =  6 . 7 9  (?) pK2 = 10.25 (A) 
4-Methylumbelliferone-8-methylenesarcosine*li- HgO 
pKi =  6 . 7 1  (?) pK2 = 1 0 . 8 0  (A) 
(G) representing a carboxyl group, (?) a phenolic group and 
(A) an ammonium group. 
The absorption spectra of ^-methylumbelliferone, umbel-
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liferone and their methyleneamino acid derivatives exhibit 
one maximum which shifts from 320 mu in acid solution to 3^5 
mu in alkaline solution. Above pH 6, the absorbance of 4-
methylumbelliferone and umbelliferone at 320 mu decreases and 
the absorbanoe at 3^5 inoroasos while above pH 5 the 
absorbance of the methyleneamino acid derivatives of ^-methyl­
umbellif erone and umbelliferone at 320 mu decreases and the 
absorbance at 3^5 mu increases. This shift in absorbance is 
associated with the neutralization of the phenolic group which 
is a stronger acid in the methyleneamino acid derivatives 
owing to ithe presence of the positive charge on the neigh­
boring nitrogen atom (zwitter ion). 
The fluorescence excitation spectra indicate that excita­
tion occurs over the same wavelength range as absorbance, 
undergoing a shift from 330 mu in acid solution to 370 mu in 
alkaline "solution. Beyond pH 9.5 the fluorescence decreases 
owing to neutralization of the ammonium group. This decrease 
is not observed for 4-methylumbelliferone and umbelliferone. 
The fluorescence emission spectra show one maximum in both 
acid and alkaline solution at ^50 mu which does not change 
with changes in pH. 
The absorption spectra of 4-methylesculetin and 4-methyl-
esculetinraethyleneiminodiacetic acid exhibit one maximum 
shifting from 3^0 mu in acidic solution to 3o0 mu in basic 
solution. This shift is associated with the neutralization 
187 
of one phenolic group. The absorbance of ^-methylesculetln 
in basic solution decreases above pH 10 while the absorbance 
of its nethyleneiminodiacetic acid derivative decreases above 
pH 9. This decrease in absorbance is associated with the 
neutralization of the second phenolic group. The compounds 
exhibit negligible fluorescence in acid solution, however, 
the fluorescence excitation spectrum in alkaline solution 
corresponds to the absorbance spectrum in alkaline solution. 
The fluorescence emission spectrum shows one maximum in basic 
solution. 
Copper forms 1:1 and 2:1 compounds with methyleseuletin-
methyleneiminodiacetic acid while it forms 1:1 compounds with 
all of the other Mannich condensation products. The fluores­
cence of the methyleneamino acid derivatives is quenched by 
copper over the pH range 4 through 10.5 owing to the combina­
tion of copper with carboxylate, phenolate and ammonium ions. 
The behavior of the methyleneglycine and methylenesarcosine 
derivatives in the presence of copper is similar, the fluores­
cence being quenched over the pH range 7 through 10.5 owing 
to combination of copper with phenolate and ammonium ions. 
Calcium forms a 1:1 compound with 4-methylumbelliferone-
8-methyleneiminodiacetic acid. The fluorescence of the 
methyleneiminodiacetic derivatives of 4-methylumbelliferone 
and umbelliferone is enhanced above pH 9*5 i^. the presence of 
calcium ions owing to combination with the phenolate and 
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ammonium anions. 
It is assumed that a 1:1 compound is also formed with 
umbelliferone-8-methyleneiminodiacetic acid, however, owing 
to the instability of the calcium umbellif erone-8-methylene-
ijninodiacetio acid compound at hi&h pH this was not proven. 
The fluorescence of 4-methylesculetinmethyleneiminodi-
acetic acid is not affected by calcium ions. 
The capacity to combine with calcium is terminated with 
the loss of one acetic acid group. Kethyleneglycine and 
methylenesarcosine derivatives do not combine with calcium. 
The formation constants of the calcium and copper deriva­
tives of the methyleneiminodiacetic acid compounds of 4-
methylumbelliferone and umbelliferone have been determined 
and are: 
^-Hethylumbelliferone-8-methyleneiminodiacetic acid 
Caind' 
l.Oo X 10^ = 1.72 X 10^ 
Gufilnd 
Cu 
CuInd' = 1.15 X 10^3 
Umbelliferone-8-methyleneiminodiacetic acid 
CuHInd 
= 1.05 X 10^ 
kCu 
Culnd- = 3.6? X 10^4 
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Of the six methyleneamino acid derivatives studied, 4-
methyluia'belliferone-S-methyleneiminodiacetic acid (Galcein 
Blue), has the greatest potential as an analytical reagent. 
It is relatively easy to prepare. It combines with copper 
over the pK range 4 to 10.5 with complete quenching of fluores­
cence and it combines with calcium above pH 12 with enhance­
ment of fluorescence. At high pH its calcium derivative is 
stable long enough (1 hour) to allow its use not only in the 
EDTA titration of calcium but also in the direct fluorometric 
determination of calcium. 
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